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THAWING FROZEN WATER PIPES 
ELECTRICALLY 


A locality wliicii Jiaa enjoyed years ol snowy winters occasion- 
ally liiids itselt in the midst ol a cold snap with no snow^ to protect 
th<i ground iroiii treozing. It water pipes have not been uniformly 
located benealh the frost line, the result \m11 be an eiiidemic of Irozen 
water pipes. Unless ielie\ed, this soon results in actual hardships to 
the people m the affected houses, which can be relieved only by re 
establishing w'ater service. Frequently the pipf* i. iiozrn at llie curb 
cock, or whore the pipe crosses the parking strip to the street, or 
perhaps it is frozen just outside the wall wlu'r»> it enters the house 
In any event, to get at the pipe to thaw it witli a torch r<*(juires 
more or less ('xcavatiiig in frozen dirt ami then perhaps the pipe Isn’t 
Irozen where it was thought to be This method also leads to un 
necessary exposure ol the pipe to further freezing, ’raking into cU* 
count the hard and disagreeable work and the length ot tune and 
expense incurred the digging out metliod is very unsatisfactory 

The Ideal method of thawung Irozen watm* pipes i.s by cloctricitj 
’I’his has an advantage for every disadvantage ol the other methods 
U IS quick, taking but a few minutes to tliaw out a hundred feet ot 
pipe. It can be used on long stretches at a timr and can be used 
wherever the pipe is metal. It will reach plact\s inaccessible by other 
means. It does not require the disturbance of anything on the 
premises, nor that the exact location of the frost be found Further 
more it is comparatively cheap where there is any amount of thawing 
to be done. 

The description and tables following are tvikeu from an actual 
pipe thawing outfit used in the city of Pullman, Washington, during 
vi'ry cold spells when the ground liU'^ bt‘en frozen deeper than usual 
’I'he oiiftit used, consisted of a sled on which was mounted a set of 
transformers such as were used for lighting servic** These wer«* so 
connected that the line voltage was transformed from 2300 to 110 
or 55 volts Power was taken from the 2300 volt city service on the 



polcb by liiv^aiib ot iwo No. 10 wires reiirliiiiM lioiu the pole to the set 
ot i'use cutouts at the sled, as shown in ITij^ure 1. This wire Wcis 
carried on reels on the rear of the sled Only enough wirt^ was reeled 
oft to reach thc^ pole, then it was stretched ui) tiK'it, and connection 
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made lioiu a piuj; iveepLaele on the inside end ot tne coil lo the euL- 
outs and Irom there to the translornn‘rs. The euruMit used on tiie 
pipes was taken trom the 110 or r)r> voit seeondaries and earru d over 
large copper wire about No. 00 B & S m sizt‘. A iaigi* siz<.d « idinaiy 
knite-switch was used to break this circuit An ammeter was alM> 
connected in this circuit toi the purpose oi determining the amount 
of current that was being used. When the lengih of pipe heinc 
thawed was short, the current was limited by inserting a reactance 
in the thawing circuit This consisted ol making from six to fifteen 
turns ot the No 00 copper wire thawing (drciiit on an iron core 
d'h<‘ core was made up of four squart^ b.irs ot laminated irem, about 
6 square inch('s in cross se^ction. around one» leg of which the w ir*^ 
was coiled. The reactance was varied as required by including eifhf‘r 
part or all of the turns within the iron rectangh*. For long stretches 
of pipe W'here the resistance w^as considerable, the f ransformerN w iu'e 
connecti^d to supply 110 volts 

Following is a tahl(‘ w'hicfi was coinpileti from data takmi tro'n 
ten ditlenuii thawing jobs 

Talde 1. 


.lob No 

Time to 

thaw 

Amperes 

A])prox Pipe 
l^ength. 

1 

3 Min. 

3 20 

200 feat 

2 

22 

204 

2.50 

3 

3 

2 SO 

200 

4 

12 

178 

300 

r> 

2 

230 

200 

r> 

15 

184 

3 50 

7 

7 

211 

7 5 

8 

6 

100 

100 

0 


104 

400 

10 

f) 

216 

300 

In all thert' 

wa‘re 138 

jobs of thawing ol 

winch the fnllowdng is 


an a\erag(* resume 
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II. 


Thawing? tiiiiH. tiF- \Jiin 
Curr(‘iit, 184 anipert^s 
Pipe Hize. 2 in 
Penath ol pipe. 2 7 r)ft 

Ii0iiji4cvst Pipe: 

"^riuiwing 4 .') mm 

Current, 220 *uiip< res 
ripf‘ si/e, in 
Lmit-’tli ol pu>»\ r>P 0 tl 


Shortest Job: 

Thawinj? tune, 1 14 in. 
Current, 28 8 amperes 
1*1 pe size. %in. 

Lenj^th of pipt*, 1 uO ft 

Shortest Pipe: 

'I’hauiuj; time, 11 n.in. 
C'lirreiit, 2 40 anipeies 
IMpe size, \ in. 

Leiiutli ol l>ij)e, 4 0 ji 


Table III. 


Lai^»‘sl (‘Uiieni, 220 ampeies 
Largest pipe, 2 Hi Watei .Mam 

Smallest ptp^\ m 

I.ou^est jope, lenuiii aOO ii 

A\eia^(‘ pipe ••4 in 

Loimest timt‘, Oa miu 
Shoi test tim*‘. 1 mm 
A \ era^e timt‘, 1 1 mm 


Total numb«‘i ot job*^. 128 
Total numbei ol (ia.\s, 10 V 2 
Least jobs m one day, 3 
Most jobs ill one day, 2 tt 
Avtua^:^* job.s juu* dav, 1 :» to 14 
K W hours j)er job. asera^e 1 15 
K W hours per day, about la 
Voha^e used on ]>jpes 5 a to 110 


Men used: 


'I'o make 2200 volt eonm'ei ions on poit‘s. 2 To handle ii'i*,'. to 
tio/en pipes, 1 or 2 Formiian, 1 


riu leaetanee, whudi is to b<- UseO oiilj in the lo\\ \oUaj;e cir- 
(ini, ma\ bi> i-onstrma ed b\ emlnm uj) .i h w turns 01 the No. Ott Oi 
No 000 th.i\Mug wire aiound a coie ol laminated iron Soud iron is 
iiiisatisl a<’loi > , but a bundle ot small rod-- 01 wire, 01 strips oi she* t 
lion, about six squaie imiies m etos.-' se(iioii. sb aild be used. 2he 
lion shouhl be arranged to lorm a elo e»l ]>ala around one side 01 
the coll, as shown in (he skcOch 

'Phe reatTance may be replaceti with a water bane rheostat, 
consist in;; ot a 50 gallon barrel about two-tbirds filled with water, 
to which has been added a lew' haiKi-tiills ol salt, so la. 01 sal amoniae 
One (dectrode of sheet iron about 20 in square placed i i the bottom 
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and another electrode movably suspended in the top ol’ the soliitioiit 
will supply the necessary resistance in the secondaiy circuit. Lower- 
ing the upper electrode will increase the current. 

Following are suggestions for two types of thawing outfits. 
Since the transformers are used for but a few minutes at each job. 
It is possible to us(‘ small ones and overload them \QfO% to 


Material for Tliawing Outfit No.J. 

Transformer 10 to 20 K. W.--2200 to 110 volt, 

2-2300 volt fuse cutouts 
1-500 ampere switch. 

1 large current resistance or reactance. 

1-500 ampere arnmtder 

2 primary wires No. 10 weatherproof, about 2 50 ft fstich. 
2 n^els for primary wires. 

2 secondary wires No. 00 or No 000. 75 and 125 ft. 

2 pipe clamps. 

Material for ThaA\ing Outfit No, 2 

I). 0. generator, 4 00 to 500 ampere mavirauin capacity. 
1-500 ampere ammeter. 

1-110 volt voltmeter 
Field rheostat 

2 primary vrires No. 10 weatherproof about 2 50 ft. each. 
2 reels for primary w ires. 

2 secondary wires No 00 or No 000. 75 and 125 ft. 

2 pipe clamps. 

Truck with gear attachment from engine to generator 

or 

Sled or wagon with gas engine connected to generator. 
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The ENGLNKERING EXPERIMENT wSTATION'bf the State Col- 
lege of Washington was established on the authority of the act passt'd 
by the first Legislature of the State of Washington, March 28th, 180P, 
which established a “State Agricultural Collegt* and School of Sci- 
ence,” and instructed its commission “to further the application of 
the principles of physical science to industrial pursuits.” Tlu' spirit 
of this act has been followed out for nianv years by the Engineering 
Staff, which has carried on exp(‘rimental investigations and published 
the results in the form of bulletins Th(‘ first adoption ol a definit ' 
program in Engineering research, with an appropriation for its main- 
tenance, was made by the Board of Uegmits. ,lune 21 st, 1911. Thi; 
was followed by later appropnaiioiis In April, 1919, this deparl- 
ment was officially designated. Engineering ExperiimMit Station 

The scope of the Engint‘ering Experiment Station covc'rs resoarcli 
in engineering problems of general interest to tin* citizens of the 
State of Washington The work of the station is made available to 
the public through technical r(‘ports, popular bulletins, and public 
service. The last named includes t(*sts atid analyses of coal. t<»sts 
and analyses of road materials, testing oi commercial steam pip»' 
coverings, calibration of electrical instriinienth, testing of strength 
of materials, efficiency studies in pow(*r plants, testing of hydrauPc 
machinery, testing of small engines and motors, consultation with 
gard to theory and design of expeninenial appaiatus, preliniinai y 
advice to inventors, etc 

Requests for copies of the engineering bulletins and inquiries 
for information on engineering and industrial problems should be 
addressed to Director, The Enginei'nng Expm’inieni Station, Statf 
College of Washington, Pullman, Washington 

The Control of the Engineering Experiment Station is vested in 
the Board of Regents of the State College of Washington 
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inh'odiK'tiuii 


1'h«' sni^ply Joi i<r;u-(icallv all luial «*()iiiniunit romes 

1 roll! oiV‘ or more ol li\erOuiT(s I'hoso an*, (1) \\(>lls, (2) i 5 i)nnR.^. 
('2) iiv<*rs and iaki's, (1) eanaN, and (a) lain or siiow-watei In 
i;mi(*ral. ad<‘ 4 nate i)r()t ocl jon ol ri\<‘r^, lak<*s and canals .s i»ractirall\ 

I inposf- ihl(' becaiis<* ol Ihcjr ma’al lencih and the many sources of 
]>ol!ulion Miat may alle(*T (hem. Kain and snow wat'T come to <^arth 
alie-idy l.Kh'ii with impniities from tlie an Tin* problem then, m 
<onm*ction with i’i\ers, lakes and c.mals, and rain and snow-water, 
noi pMmaiil.\ a problem ot piotection but ot puntication 



In i!h* i‘a^e ot wi lK- ,nid >priuj^s, due to tin' tilteiinj^ ami paii- 
tMiijL; action oi the soil, water 1 rom such soiines is usually pun* un- 
less contaminated l)v some man-made cause, such as privies, (‘ess- 
l>ools or barn yards .See Fia I For wn’lls and springs, tlien. th * 
prolib'in Ks iiriniarily one ol protection 


Springs 

The term “spring” is properly applied to w'ater emergiiif^ tiom 
th(' ground at a single jioint or within a restricti'd aieji, but the dis- 



tinction between springs and general seepage is not always very 
sharp. We often hear the expression “springy ground” applied to 
large areas where there is considerable seepage water corning to th'^ 
surface. There are all gradations between the concentrated outflow 
characterizing the true springs and these extended damp areas known 
as “springy ground.” 

For the purpos(' of this bulletin, we will dn ide springs into thr»‘e 
classes: 

First Class. This class of springs is that in which the water, is 
brought to the surface at the out-crop ol a porous stratum when' i; 
is underlaid by a relatively impervious one. If the surface ol thn 
impervious layer be irregular, the flow wmII (‘olh'ct in the vall(‘ys of 
the impervious laytu- and large trim si>rings may result. It, on the 
otlH'r hand, the impervious layer be regular, there may be not hum 
but a long “seepage lim',” the concentration ot water at any point 
not being more than enough to keep the surface soil damp (Se(' 
Kig L') 



rig 2. 


7^' C /ass S fori 


Second Class. I’nder this class are considered those sprin ,s 
wln re tlu' water-beai iiig stratum is coiilined between two more or 
h'ss impervious ones These springs are artesian in character. Tn 
this class ot spring, the water Unds it w^ay to the surface at points 
where the uppi r impervious layer is not present, or through breaks 
or cracks in this upper layer. (See Fig. 3). 
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'riiii'd iiiis.s. 1'his <ias.s ol spi inj;s incJu(l<-h ihost* in which th«' 
porous stratum in th(' vicinity of llic spiinj; is ncithci* ovcu'laid nor 
mmuHiiiitcdy undorlaid bv an impervious oiu' 'Phey are mere over- 
Hows ot the j^round wa(er and occur whenever the carrying capacity 
ot the porous material is insuffh'umt to convev the mitire flovc 
Naturally tliey are somewhat intermittent in cliaracter. otten disaji- 
peanng ♦uitir<‘ly in dr\ pmuods and reappearing some time after wet 
weather has set in The normal outflow^ of normal ground waters 
in vallt'vs along stream lines is ol this type, but true springs may de- 
velop wherever the conditions of the underlying strata ari' such as to 
cause concentration of the flow. 

In spaiselv s»*tth‘d r(‘gions, springs, il piotectcd at thmr out- 
c!‘op, usuuU> funnsli safe sourees ol supiily. In thickly scith'd n* 
gions, where there nia> be many houses along tiu* line ol the utid^'i 
ground How, and above lh(‘ outcrop ol I he spring, W(' often hav*^ 
springs eontaminaled bv the drainage from privy vaults and cess- 
pools (See Fig 4). 'Phis is pariicularly triii' in limestone n^gions. 
for in such regions the underground watew flows along opmiings and 
cracks in the rock, and is noi filtered through Iht' soil at all 

The chief danger comes from pollution or contamination, at ano 
near the immediate outlet of the spring. When tin* water comes 
close to the surface, jiercolating water carrying pollution from th*' 



surface may mix with it ami also as it comeh through the Mirface so’l 
it may pick up considerable polluhon, particularly if the surface 
about the spring’ outlet is expo‘^ed to th<‘ trampinc; of stock or dis- 
til rbanci' by other m(‘ans. 


I' 
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C'esjjboci/ Pollution oj >Spr/nns 


ri’otectioii ol Spi'iiij^s. The tirsl sU'p, then, in insuring; a whole- 
some sui)ply liom a spririfr, is to proti'ct the outlet of tin' s])riim The 
outlet ol the si)riiiK should ht‘ surioundi'd by a Jence to keep stock 
and othm distrnbing and polluting souice.s liom apt>roachinf; dost* 
to the spMnj4. 'I’he suitate ol the ground aioiiml the si»nng should 
bt* so lorni(‘d as to keep all surface drainage troiu passing into or 
over the outlet of the siiring The outlet should be further piotecti‘d 
by bmiig surrounded with a box, preteiably ot masonry, extending 
two or more ie(‘t into the giouiid and covered tightly over the top so 
as to t'xclude leavt'S, dust, vermin of all kinds and largm* animals 
which might enter the spring. (See Fig. 5.) 

In maii> ca.ses wheie the spiing is ot the seejiage type or where 
t}H‘ t'luergmice is not a single point, the spring may be made to yield 
a much larger amount of water, and at one point, by putting in open 
joint dram tile in a trench three or four feet deep, dug along and 
just abov»' the line of outcrop of the seepage, and across the line of 
flow ot the seepage w^ater. In this way the discharge is brought to 
one point The water may b(' brought to the surface through an iron 
or other pi]>e, thus preventing the possible pollution of the water at 
the outlet by .surface drainage, or by stock. 
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Sect /on af 


Fig. J 

Spring P roper /y Frotected 

(■roiuitl AVater 

Water lalhn.i; upon th<‘ surface of tlie ^luuiid is earned away in 
Uiive ways; by e\ apor<i I ion, by surface' flow aiiel by pi'rcolation The 
W’atcr which jx'rcolatcs into the ground and passes b<'>ond the reach 
of vegetation, obeying the* law' of gravitation, passe's on dowui until 
It reaches a layer of earth wdiich Is inipe‘r\ious or until it reaches a 
laye>r wiiie'h is alre'ady full ol wate'r. When this layer is re'*ached, the 
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wat<^r will heMin to mov^* down the slope of this layer just as surface 
water moves down the surtaee slope. The accumulation of water 
which thus exists in the jcround is called ground water, and its sur- 
face is called the ground water level, or the water table. 

The form of the water table is evidently very closely the form of 
the impervious layer underneath it, and as there is a rough agroi'- 
inent between the surface slopes and the slopes of the underlyintr 
layer of earth, the water table usually agrees roughly with the surface 
forms. But w^e must keep in mind that the lower layers of earth 
in many jilaces, slope in exactly the opposite direction from tlu^ 
surface, and hence in thi'se places the flow of underground water is 
opposite in direction from the How of surface winter. This fact is o'' 
importanct' in the selection of a location for n well, as the ground 
water should not flow from a slopholi' or otlier sources of pollution 
toward the well. 

If the water could How* (hrougli the soil as readily as it can How 
ov^er the surface, the ground watei would quickly concentrate in tin 
valleys ol the inu>ervious layers, just as surface water concentrate- 
in th(* valleys of the surfact*; but Hk^ How' of water through soil 
varies from a few feet p<’r year, in clay and similar soils, to possible 
one hundred loet i»er day through coarse sand or gravel These tloW'< 
are so slow' that tin* rains and other apiilications of water on tin* 
surface are sufficient to maintain the ground water in a vast sheet 
underneath the surface instead of in narrow* channels. Evidently, 
then* will h<* a greater concentration ot water in tin* water table 
valleys than on the hills or slopes, and wells in the the valleys will 
yield more water than w'ellvS on the slopes and hills. On Hn* other 
hand, since surface pollution is washed into the valleys, there is a 
much grcatei- danger of pollution in valley wells than in wells on 
slopes or hills. 

Since the ground water is supplied b> percolation from the sur- 
face, anything which increases tin* surlace supply of a region in- 
creases the ground water of that region. This is plainly seen in the 
rise of Hu* water table with the progress of the irrigation season and 
its tall soon after tlu* close of the season; also in the identiful supply 
in wells in wet y<‘ars and the scant supply in dry years. This sanu* 
cause opera t<‘S wlien water is supplied to the surface in a very re- 
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.stricted area, but in this case instead of the ^^round watei level nsiiii 
over a whole region it rises only in this restricted area, causing a 
small mound or hill in the water table. The water flows down thei 
hill on all sides, and thus we find the flow on one side opposite to 
(hat of th(‘ general flow. A cesspool may cause such a hill and Ihie^ 
pollute the water ol a well actually up the main slope from it. 
hliown in Fig (i. 



f'rg 6 
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ho lai , we lia\(' spoken ol giound walei as Ihonyii it weie con 
lined to a M*gion ahov<* tie* lirst impervious layei In many phice.s, 
vve liiid .sev<*ral laj <*rs of earth, alternately pervious and impervious, 
each with an outcroii on the surlace sonu'W^here. Under siicli con- 
<li(ioiis. each perMous layer will contain water to a greater or lessei 
(legrt'e As tile lower hiyers probably outcrop at a greater distauc** 
away, these layers w^ill be much less liable to pollution than the siu- 
lace layers, and it is for this reason that deep wndls ii.sualh yieln 
safer supplies than shallow wells (See Fig. 7 ) 

Just as we have surfact* depressions that fill with water fonning 
lakes, so we have depressions in the imiiervious strata undiTneath 
the surface that must fill with w’ater up to the rim of the imperviou.-^ 
strata If such a depression is tound in successive* pervious and im- 
pervious laye'vs. as described above, the water in the intermediate 
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pervious layers >vill bo under pressure and the \vatt‘r 'will rise in a 
well sunk into one of these layers. If the ground surfaeo is below 
onf‘ of the rims of depression, a flowing well will result. Sueh de- 
prt‘s.sions art' called artt'sian bavSins 



ng 7 


Kmuie S shows .1 sceiioii at loss (ho iirt'at Dakota Arn-smu Hasin. 
The ni>pei nm ot this t)asin is .ilom; the loot hills ot tho Uockv 
Moiinlains in .Moiitan.i, and IIk* lower rmi is jn tasrom Dakota anti 
westein MiniH'sota 



^cct/on t h rou^h Oeshotij <‘irtc:,tKJn ArCyJ 

ng 3 


^Vh<‘Io^(‘r Iht' underlying impervious ]a>t'r oomt'S olost' to tho 
surt.ict' of tho ground, as is often tlit' case in valleys or along their 
maigins, wo will tiiul either marsht's or damp, springy ground; if 
the iayt'r actually outcrops, we have a seepage line or some well de- 
fined springs, isome springs are of an artesian nature, being formed 
by natural breaks in the uiiper impervious layer of an artesian area. 
(Set* Fig ) 
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Wells 


Wells are probably the leosi eoiniiioii source ot water supply 
for tlH‘ iariu and when propel ly placed and cared lor are ccu'tainly 
very convc’nic'nt and iurni^li descendable wholesome' supplies. Al- 
though no two wedls aie exactly alike m all parliculars, there are, in 
re'ality, only a tew distirnd types, and tor the* ])urposes of this bulletin 
we will classil‘> all wtdls under iv^o heads, (1) open wells and (2) 
closed -wells. W(' will define' open W'olls as those* having a surface 
e)i)c*ning ol twehe inch(*s or more in dianuder. and closed wells as 
those' wc'lls ])a\ing a surface opening of le*sH than tw’elve inches in 
diame*te*i The open t\pe Avell is usually a dug we*!! from thrc'e* feet 
to SIX f«‘e| in diame'ler fS«e Fie ft ) 



The closed well is usuall\ euther dri\e‘n or dnlle'd. 

Well Casings. The materials usually use.'d for casing tlie open 
type^ of xvells are rock, brick, tile and wood; tor the closed type, wood 
or iron are usually used. 

Wood is never a desirable material, although it may be very 
cheap. Near the surface of The ground it shrinks so that widt* cracks 
arc* open for the entrance of \ermiu and pollutc'd surtacc' winter, and 
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it soon rois out at tlu* water line. The rottinjx ot tin* wood favors 
the development ot bacteria. 

Rock, brick or tile when laid with unceuieiited points, offer 
eas\ entram'e to vermin and polluted surface water. In this respect 
tiny are no iietier than wood, but they will not rot If laid in cement 
mortar, they form a tiftht, durable casinji:: that will exclude all vermin 
and all pollution, except that entering at the bottom. For open wells 
of large diameter, rock or brick laid in cement mortar are recom- 
mended; lor open wells of smaller diamet<'r. glazed tile with cement 
points are easier to ])lace and 3 ust as good as the stone or brick. In 
all cases, th(‘ earth just outside the casing should be puddh'd so as to 
<lose the opening between the casing and ex(‘avation. (Set* Fig !t ) 



Iron casipe with .'5cr<*w joints I onus a watiu-tight casing that 
excludes all polluting matter except that entering at the bottom. 
Carefully plac<*d iron casings of the stovepipe pattern are veiy good, 
but not so good as the screw pattern. For wells having a Imre of six 
inches or less, iron is practically the only material used. 

I^i’otectioii of Wells. The safety of a well depends on the purity 
ot the water at its source, and on the protection of the well itself 
trom surface pollution Polluting matter enters a well in a variety 
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Drtven Well 

Fig 10 

ir> 



()1 wa.vs; direct percolation troni barnyards, cesspools, privies and 
slo]) lioles; percolation from nearby pools at watering troughs, direct 
contamination from matter dropping from the te<'t of iiorsoiis or 
animals passing omu’ the open cover of the well; direct contamination 
irom ('iitraiice of surface wash through holes iii the casing at or near 
I he surtace ot the gi*ound, (see Fig 1.); entrance of irogs, siiakt‘S, or 
jodeiils through these sam<' holes. Ml tliese and more must hi' 
guarded against. 

W<‘lls should be jirotected fiom <'on1amiuat ion both above ground 
and below Heiieatli the suriace of tin* ground, the wcdl should he 
lightly cased, either with iron or with brick, stone or tile, set in Tort- 
land cement mortar to a di'plh of not loss than ten feet. Should a 
wuitei’ bed giving a sufficient How ol w'atm* be encounteia'd at 
greater depth than tins, the well should be tiglitly taised down to 
tins bed Tf the well IS ol the dug type, the opi uiug beiwt'mi the 
hiuk, stone or tih^ casing and the sid<'s of the excavation should lx 
<Mi<'tiilly Hlled witli piiddl<‘d earth as the casing is being put in. so 
as (o shul oil all (hance of suidaci' water ent(‘rlng the well (Sei* 
Fig f) ) The diiven \v(dl m the jirocess of sinking is tightly cased 
for its (mure depth (Six* Fig. JO.) The drilled well should he 
eased lightly foi soiiu' te(d into the ro(‘k, the casing Ixdng mad(‘ to 
lit th(' ror*k bore as lightly as ]»()ssible 

1'he opiui (yi)fr' of well IS especially liable to contamination from 
th(‘ top, because of its large opening, and because of cai'olessness lu 
co\eriiig this opening. 

About the op('inng ol all tyju'S of wells, the earth should be bank- 
(‘d up high enough to make' tlie surface* slope away Irom the well lor 
twi'iily feet or more in all dii'ections. In this way all water falling 
on thi* ground lU'ar tlie well opening is quickly c'arrit'd away, and ali 
surface wash is piev('iited from flowing into the W(*ll or near its 
oi>ening. The well opening should be tightly covered wTlh a water- 
tight cov(‘r, having a diameter two or three feet greater than the 
opening it sell. This cover should rest firmly and lightly upon 
casing beneath so as to prevent the entrance of rod<*nts or vermin of 
any kind In fact, the cover should go down ov(*r the casing lik(* tlu 
cover to a l)uck(*1. 



Il IS a ^00(1 pliin to phu'o Iht* pump in a shallow woll to ono sido 
ol' the woll iis show'll in Fi^;. Ih II this is not done, ran* should hr 
takrii 10 sral or calk I ho [)ump into llu* covor in such a wa> as to pre- 
Yont \vat(‘r passing; throimh (ho puiii]) oponine: 

Tho olos(‘d lyjio ol woU, on aocouiit of Iht^ small woll opi ning is 
much rnon* easily si'alod than tho open type, but the same precautions 
as to liankmg aliont Iho well and to c(»V(*ring and sealing tlio w'oll 
oix'iung should be takon as in Ibo opon tyjio. 

Tin* w'liolc aim sliould lx* to oxcliuh* all surtaco water from din'ct 
entrance into lh(' well, lo t*xclnde all \(*rmin Ironi the widl, and to 
<‘xclude mattei vvhx’h ma\ be l)roiigbt near (he well opening bv slock 
or by persons coming to Iho well for w'ator, and to keep this matter 
tomoved trom tho vicinity of the w'oll opening. 

Wood IS ])rohahl> most ofti'ii used for tin* well t'ovoi , hut ir is 
not a suitable mat< rial Tlv shrinking and warping, it opt'iis the 
well to (In* direct ('iitraiici' ol vermin and ot filtli, which may he 
‘•an led on to llie cover by persons or slock. A reiiilorced conerf*!'* 
slab makf'S an idinil covet ^'^eo Figs. 11 and 10). 

Safety Di-^tance. Hy safety distanci* is nH*ant the distance from 
a soui CO of pollution iit whuh a well may be sunk w’ltli a fair degree 
ol sah't" 11 IS ev id<*iit t!mt (his distance varies W'ith the chara<’ter 
ol (be earth .ind with the direction of the w'oll from the soinci' ot 
polUifion. as reteired to (Ih* ground water slope. II the well is above 
the '^ouice ot pollniioii, it must he tar enough away so that the loi- 
mation ol a hill in tlx* w'aler table a.s shown in Fig. t> will not can've 
th ’ water Irom this sour<*e to tlow' up the general slope far enough 
to leach ilii* WM*11 On the othi'r hand, if the w'ell is l)(*low' the pol- 
lution soun'o tin* distam-e from source to well W'lll have to be much 
gr(*att‘i. as all the polluting mat((*r is earned dow'ii the slope, eon- 
laminating tht* earth lor an ever increasing distance. If the earth 
IS n'usonably uniform, without any well di'fnied channels along whieh 
the W'ater passes, tin* safety distance is from 7 5 to 100 feet above the 
source of pollution to Irom 200 to 250 feet below the source, if Iheie 
are well defined water channels in the c^arth, no distance below tlx* 
source of pollution is sale. Should a w^ell that is not subject to con 
tinuous pollution become contaminated by the accidental (*ntrance ot 
polluting inattm* from the surface, probably the best tr»\atment is to 
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introduce into the well a Huiall quantity of chloride of lime, and then 
pump the well hard so as to remove as much of the contaminated 
wal(*r as possible. The chloride will destroy any harmful bacteria that 
may be present. (\are should then be taken to preclude the possibility 
ot a second pollution. If the well is subject to continuous pollution 
(Fig 11) the only sure treatmeut is to fill it up and dig a well in a 
sate place or else remove tlu' source ot pollution and apply chloride, 
l)oth to the source and to th<' well 
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The ENOINEEIUNG EXPERIMENT STATION of the State Col- 
lege of Washington was established on the authority of th(> act passed 
by the first Legislature of the State of Washington, March 28th, J 890, 
which established a “State Agricultural College and School of Sci- 
ence," and instructed its commission “ to furllior the application of 
the principles of physical science to industrial pursuits.” The spirit 
of this act has been followed out for many years by the EngimH‘ring 
Staff, which has carried on experimental investigations and published 
the results in the form of bulletins The first adoption of a definite' 
program in Engineering research, with an appropriation tor its main- 
tenance, was made 'by th<‘ Board of Regents, June 21st, 1911. This 
was followed by later approi)nations Iji April, 191!), this dejiart- 
inent was officially designatr^d. Engineering Experiment Station 

The scope of tilt' Engineering Experiment Station covers n'searen 
in engineering pioblems ol gent'ial interest to the (‘itizens of the 
State of Washington The work ot the st^ation is luadt' available to 
the public through technical rt'ports, pojmlar bulletins, and public 
service. The last naim'd includes tests and analyses of coal, tests 
and analyse.s ot road malt'rials, tt'Sting of commercial stt^am pipt* 
coverings, calibration of electrical instrumt'nts, testing of strength 
of materials, efficiency studies m powder plants, ti'Sting of hydraulic 
machinery, testing of small engines and motors, consultation WMth re- 
gard lo theory and design of experimental apparatus. i>reliminary 
advice to inventors, etc. 

Requests tor copies of the engineering bulletins and inquiries 
for information on engineering and industrial problems should be 
addresst'd to Director, The fJngineering Experiment Station, State 
College of Washington, Pullman, Washington. 

The Control of the Engineering Experiment Station is vested in 
the Board of Regents of the State College of Washington 
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fiitiodurtioii 


Tlii* larjHstoad, the soiirc<‘ of suppU ot thr food of the 

A\orld, d(^horv(^s to hav^ special attention paid to its iK'eds. Of these 
needs, few are i;r('ater than the need for pun* water It 'would seem 
that ^arnun^^ ]'('?:ions, which are usually i emote from the thickly 
settled districts, 'w^oiild tind no difficulty in securiioi: such a supplv 
ItiK w'c tind that many ot our intestinal diseas(*s, such as diairhoea, 
dys(mt(‘ry. typhoid le\(M, and the like, are moi'e pr('val(‘nt in the 
( ouniry than in tin* city M’lns can mean but one tiling -the tanning 
< ommunitv is \ery careless about its winter suptih 

The genius of t}ies<' dus(‘ases may be distnbut(‘d. disseminated 
and (*arne(l long distances by water or by milk and vegetabl(‘s wlindi 
havi’ been contaminated by water Th(»se (lis(‘ases an* also spn'ad 
over restricted aieas by tlies and other ihscmms nnIik’Ii linked in retiis' 
<\iid filth It 'would seem, then, that the vital probb'ins confronting 
(he tanner are (a) tin' jiroblem of seeunng a water supply that is 
sutficient 111 quantity and that is at all times sati' and 'wholesonnu 
and (b) tilt' clos('l> i elated problem of th<‘ careiul and economical 
disposal of the w^ast<‘s in 'which flies breed and on which they feed 

The importance of pure water for drinking has be(*n repeatedly 
dimionstrat ('( 1 . Disease is frequently traced to the usi* of impun* 
Abater from wells polluted by cess-pools, barnyard seejiagiu or other 
sources of impuriti<*s. Tht‘ water may be clear, ordorless and taste- 
less and still contain dangerous disease germs In such case, only a 
chemical and a bacteriologK'al analysis will reyeal the danger, and 
such an analysis should always be secured if the water is at all doubf- 
lul. Such an analysis, costing but a small part of a doctor’s bill, 
to sa> nothing of the discomtort to the sick one, will enable tln^ user 
to tell wiiether purification is necessary. 




In other cases, the pollution is evident from the color, taste, or 
odor of the water and from these alone it will be known that pre- 
cautions are necessary. 


Purification of Water 

There are two general methods for the treatment ot water for 
the removal of impurities; (a) mechanical treatment by screens and 
filters, and (b) chemical treatment, by the addition of chemicals. 

Mechanical Treatment 

Filters. Faucet screens and filters are of almost no value in 
the purification of water. Comparatively coarse particles of mineral 
matter and long slender threads of green or blue algae may be re- 
moved from the w’^ater by passing it through the set of four or five 
fnifi brass wire screens, such as can be purchased, ready for attach 
meiit to the faucet, at the five-and ten-cent counter of any variety 
sror<‘ or from an oily-tongned agent at twenty-five to fifty cents. So 
tar as real purification is concerned, these accoiiipllsh nothing. The 
sum(‘ results can be obtained by straining the water through two or 
three thickness of cheesecloth. There is only one type of faucet filter 
that accomplishes any real purification. This type consists of an 
inner tube of unglazed stoneware or porcelain and an outer metal 
casing, tightly attached to the outlet of the supply pipe, to protect 
tlie earthenware filter ami to bring all parts of the filter into equal 

US(?. 

Its operation is very slow^ requiring several minutes to pass a 
teakettle full of water. To maintain its efficiency both as to passing 
and as to purifying water, it must he boiled out once or twice a week 
Because it operates so slowly, it is an aggravation to anyone wishing 
to secure water, and for this reason but few' of them are found in use. 

Large filters of a similar typo are sometim<‘S constructed tr) 
furnish a filtered supply for drinking purposes only. The stonewait 
filter is quite large, so that the amount required at one time for 
drinking can be had without waiting for the filter. The outside con- 
tainer itself may be of a semi-porous character so that the evapora- 
tion of the water from its outer surface will keep the water within 
the container cool enough for use; the cooling principle is the same 
as that involved in the use of (he canvas water-bag. 
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If the supply is taken from a well and requires to be filtered as 
described above to insure its wholesomeness, the best treatment is 
that suggested in the paragraph on “Safety Distance” in Bulletin No. 
B on “Well and Spring Protection.” 

The Sand Filter. Where comparatively large quantities of water 
are to be filtered, the sand filter is the type of filter used. The 
general plans for the construction of such a filter are shown in 
Figure 2. (a and b). 

The materials used in construction of the filter box or lank 
should be either good concrete or else good brick laid in cement 
mortar. The inlet and outlet and overflow pipes should be built into 
the walls of the filter so that there can be no leakage around them. 
The open spaces in the crushed rock or coarse gravel shown in the 
bottom of the filter furnishes a collecting basin so that the whole 
area of the filter is brought into operation. The sand layer, at the 
time of construction, should not he less than about three feet deep. 
Depths greater than five feet are more expensive without giving added 
safety. The water should be kept at a depth of two feet or more over 
the top of the sand, so that the surface of the sand will not be dis- 
turbed by any possible currents from the entering water or from 
other sources The sand required for a filter is about the same as 
a “good plastering sand.” It should be screened through a sieve of 
ten or twelve meshes per linear inch (fly screen), to remove all vege- 
table matter, coarse particles, clay lumps, etc. The best results are 
obtained by using, for the filter sand, a sand that will pass through 
a screen having about twenty meshes to the inch and that will not 
pass throught a screen having 50 meshes to the inch (screens Nos. 20 
and 50); but such screening materially increases the cost. The 
Chamber “B” (Fig. 2) is necessary to make it possible to control the 
rate of flow of water through the filter. The rising outlet pipe in this 
chamber should be a piece of flexible hose with the upper end held at 
the proper height by being fastened to the wall of the filter by a cord 
or wire. 

Operation of the J'llter. When the filter is completed, raise the 
end of the rubber hose above the level of the inlet pipe; then fill the 
filter with water, taking care to disturb the surface of the sand as 
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little as possible. Now, lower the end of the hose about oue and 
one-half inches below the level of the inlet; turn on the water in the 
Inlet pipe and the filter is in operation. The water passing through 
the filter for the first two or three days should be allowed to waste, 
after which time it may be turned into the cistern or reservoir. The 
filter gives best results when operating continuously at a fixed rate. 
To make this possible, the reservoir or cistern should be provided 
with an overflow. 

The rate of operation should be about fifty gallons per square 
foot per day. The head “h'* (Fig. 2) required to pass this quantity 
of water will vary with the sand used and with the length of time 
the filter has been in operation. When the filter is new or has just 
been cleaned, “h" should not be over two inches; after a month cr 
more service it may be twenty inches. Th filter should then be 
cleaned. 

deaiiiiig the Filter. Close the inlet pipe and draw" off the water 
from the filter. With a square pointed shovel or similar instrument, 
carefully remove the upper one-half or three-fourths inch of sand. 
Then fill the filter with filtered water, if possible, pouring the w^atcr 
into the filter through the discharge chamber. When the filter is 
full, open the inlet pipe, set the end of the discharge pipe just below 
the level of the inlet, and the filter is in operation again. If the filter 
is filled with raw water, the flow for two or three days must be 
wasted, as previously described. 

Sl/e Required. If the house is not provided w"ith pressure water, 
but all water has to be pumped from the cistern, as used, the dom- 
estic use will average from ten to fifteen gallons per person per day. 
If the house is provided with pressure water and fitted with bath, 
toilet and other conveniences which go with pressure water, the use 
will be from thirty to fifty gallons per person per day. Taking all 
kinds of stock into consideration, the use will be about six gallon.s 
per head per day in winter and about sixteen gallons per head per 
day in summer. Using the average of the above figures and assum- 
ing that water must be stored for use for one-half of the year, a 
family of five people having tw^enty head of stock will require p^^r 
day as follows: 
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Sise of Filter Re* 


Une 

Reg:ular 

Storage 

Total 

quired at 50 Gal. 
per sq. ft. per Day 

When pampiniT wftter from ointorn as 

used 



Family use 

60 gal. 

60 gal. 

120 gal. 


8tock use 

220 

220 

440 


W aste 

20 

20 

40 

’ 600 gal. 

3 ft. X 4 ft. 

With Pressure Water: 




Family use 

200 

200 

400 


Stock use 

22C 

220 

440 


Waste 

80 

8C 

160 





1000'gal.“ 

4 ft. X 5 ft. 

The waste 

from leaks in 

pipes, etc. 

in pressure water systems 


is usually quite large. 

Modifications can be made in tl>e above for different' quantities 
of stock and a different number in the family. 

Construction. The filter tank may ‘be constructed of any ma* 
terial that is not subject to rapid decay. Occasionally we find one 
built of wood painted with asphaltic paint. Often they are built of 
brickelaid in cement mortar but the best material to use in their con- 
struction is concrete. The concrete should be a rich mixture — one 
part cement to two parts sand to four parts crushed rock or gravel 
The crushed rock or gravel should contain no stones larger than one 
and one-half inches in greatest dimension. Rounded stones screened 
from gravel will be found to work better than the sharp angular ones 
of crushed rock. The concrete should be well tamped as it is placed 
in the forms. 

If possible, when constructing the filter tank of concrete, the 
excavation should be made just equal to the outside dimensions of 
the tank, the side of the excavation being used for the outside forms. 
The bottom of the excavation is carefully smoothed to the desired 
shape. The forms for the side walls and the division wall are set 
first and these walls are put in first. At the same time, the inlet and 
outlet and overflow’ pipes are carefully set in their proper places. 
Some concrete should be allowed to crowd out at the bottom of the 
wall forms, so that the bottom of the tank, which is next put in place, 
will have a good bond to the side walls. 

After a few days the forms are removed and the interior of the 
tank plastered wifh a^mortar consisting of one part cement to one 
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part sand, the walls being thoroughly wet before the mortar is put on. 
Whenever fresh concrete is to be joined to that which is set, the sur- 
face of the old concrete should be thoroughly cleaned and wet ani 
covered with mortar before the fresh concrete is put in place. 

A good concrete slab cover is preferable but a well made wooden 
cover will serve very well. 

Chemical Treatment 

There are a great many different chemicals used in the purifica- 
tion of water, but most of them require an expert operator to apply 
them so as to get results. Some others are so injurious to health that 
they may be used only in carefully determined quantities and by a 
skilled chemist. Leaving these two classes out of consideration, wo 
have only one or two chemicals which are available for use on the 
farm. 

Hypochlorite Process. For the destruction of all dangerous bac- 
teria which may be in the water ,nothing equals in efficiency and 
convenience ordinary Chloride of Lime. This may be obtained from 
almost any grocery store in small cans costing but a few cents ami 
the amount required is so small as to make the cost almost negligible. 
It should be used in the following manner: 

One tablespoon fill of the Chloridf' of Lime is dissolved in ten 
quarts of water. This quantity is sufficient to treat 1000 gallons or 
water, and the operation is carried out by simply pouring the clear 
solution into the water to be treated and stirring thoroughly. This 
solution is a powerful germicide and its action is very rapid, ten 
minutes or so being all the time required to carry out the purification 
One quart of this solution is sufficient to treat effectively a tank con 
taining 10(» gallons of water, and one pint of it stirred into a 50- 
gallon barrel full of water will destroy any dangerous germs and 
make the water safe for drinking purposes. 

One is cautioned against using too much of the chemical, not 
because it is dangerous at all, but because an undesirable odor or 
taste may be imparted to the water when too large amounts are used. 
The strength of solution indicated above, used in the manner de- 
scribed, will be found perfectly satisfactory. The qualities of the 
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water will be in no wise impaired and no undesirable conditions wlU 
arise from its use. On the other hand, dangerous water may be made 
safe and much sickness prevented. 

The solution loses its strength if left standing open for any 
time but may be kept for several days in a tightly stoppered bottle. 
If so kept, it becomes a very handy germicide to use during the har^ 
vesting and threshing season. The water used about the cookhouse 
and for drinking purposes in the field and about the threshing ma- 
chine can be made safe and the amount of typhoid fever and other 
intestinal trouble made much less. 

Tiinie Process. Lime is sometimes used for purification of water. 
About two or three pounds of quicklime is required for 1000 gallons 
of water. If the water is very hard, a large amount must be used 
The quicklime is slacked in a i>ail of wafer and is then added to the 
cistern or reservoir full of water and stirred in thoroughly. Th^* 
action of lime is much slower than that of the Chloride of Lime, as 
the former requires about 24 hours to sterilize the water. The chief 
difficulty in the use of lime is the accumulation of sediment in the 
bottom of the reservoir due to the settling of the lime. The bulk of 
sediment is many times the bulk of the lime used and frequent clean- 
ing is necessary. The hypochlorite treatment is recommended rathei 
than lime treatment. 
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Fig. 1. Polution of Ponds and Streams 




Inirodtictloii 


The modern farmer is coming more and more to recognize the 
value of labor saving machinery in increasing the profit from his 
farm. Tractors, harvesters, gang plows and many other machines 
enable him to complete the field work in season. Large barns house 
his stock and tool sheds protect his machinery from weather. Every- 
thing is tending more and more toward relief from manual labor 
and especially from drudgery. 

One of the most effective modern improvements on the farm, 
one that has relieved the farmer of hours of weary toil and saveo 
the farmer’s wife and daughters much of discomfort, is the modern 
pressure water system. No other single thing w'ill add so much in 
<‘omfort to the farm home as hot and cold W'ater in the kitchen, and 
a bath and toilet in the house; and nothing is more satisfactory to 
the farmer when he comes in tired from a hot day in the field than 
to find the water troughs full of water for the stock. Such con- 
veniences make the farm more attractive to the son who is relieveu 
of the drudgery of pumping water for the stock after the day's work 
is done. They also lighten the work of the daughter in the house, 
making it possible to do the cooking and cleaning without carrying 
the water from a well some distance from the house and frequently 
through storms. 

Such conveniences, together with the phonograph, the electric 
light, the telephone, the radio-phone and the automobile, help to 
make farm life more attractive than city life, thereby helping to 
relieve the problems of keeping the next generation from going to 
the city. 

The different systems described are intended as suggestions 
which the farmer may adapt to meet the conditions on his farm. 
Exact prices and costs can best be secured from a local dealer in 
such supplies. 
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Water Supply System for the Country Horne 
Pumps and Pumping. In general, there are only two types of 
pumps: (a) pumps in which the water is lifted by the action of a 
roughly star shaped runner, or runners, revolving rapidly within a 
somewhat closely fitting case, the centrifugal type. Figure 2) 




(b) pumps in which the water is lifted by the action of a sliding: 
piston or plunger, the reciprocating type. 

The ordinary centrifugal pump is not adapted for use in deep 
wells, but is well adapted to pump from shallow wells or from 
streams and canals. The lower end of the intake pipe of a centrif- 
ugal pump should be fitted with a good foot valve or else It will 
be necessary to prime the pump every time it is used unless the 
pump itself is below the water level. The efficiency of centrifugal 
pumps when properly installed and operated is about the same or 
a little less than that of reciprocating pumps. 
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Fig. 3 

L//t Pumfos 


Reciprocating pumps are commonly divided into two classes: 
the lift or suction pump (Fig. 3) and the force pump (Fig. 4). In 
both classes of pumps the water is drawn into the cylinder by suc- 
tion, therefore the cylinder cannot be much over 25 feet above the 
water and work at all, and for good service it should not be over 
twenty feet above the water. The closer the cylinder is to the water 
the better. 

Beep Well Pomps. As the available power is always limited 
pumps intended for use in deep wells or for raising water to great 
heights are made with cylinders of smaller diameter than those in- 
tended for use in shallow wells. In this way a greater pressure may 
be had from the available power and consequently the water may be 
lifted or forced to greater heights. 
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Force Pumjos 


The Air Lift. While not a pump in the accepted use of the 
word, it is sometimes used for raising water from wells. This man- 
ner of raising water consists in forcing compressed air through a 
small pipe inserted within the casing of the well and the air emerg- 
ing from the pipe near the bottom of the well can escape only by 
passing upward between the air pipe and the casing. As the air 
rises the water is carried along with it and is forced out at the top 
of the casing as shown in (Fig. 5). For good service the height of 
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lift above the surface 
of the water in the well 
should not be over 
one-half of the depth 
of the air discharge 
below that surface. 

The air lift is not rec- 
ommended except for 
unusual conditions. 

Hydraulic Ram. All 

the methods of rais- 
ing water so far given have required some 
form of power. The hydraulic ram uses 
the water itself as motive power. The hy- 
draulic ram may be used when the water 
from a flowing well or spring or other 
source may be supplied to the ram under a 
head of 4 feet or more. There must be free 
drainage away from the ram. The supply 
head should not be less than 4 feet and its 
supply not less than 4 gallons per minute. 
Two typical forms of ram installation are 
shown in Fig. 6. 

The amount of water delivered by a good 
ram, properly installed, may be estimated 
from the following*' table taken >form the 
catalog of one of the large manufacturers 
of hydraulic rams. In this table the 
height of the storage reservoir above the 
ram is given iii terms of supply head “h'* 
(see Fig. and 'the water delivjeired to 
the storage reservoir is in gallons per day 
per gallon minute supplied to the ram. 
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Height of reservoir . 

.2h 

3h 

4h 

5h 

6h 

7h 

Gallons stored 

. .540 

336 

240 

102 

160 

137 

Height of reservoir . 

,8h 

Oh 

JOh 

15h 

2 Oh 

30h 

Gallons stored 

. .120 

107 

06 

64 

43 

24 


If you wish to find out whether a ram can be used in your case, 
and how much water you may expect to deliver into your reservoir 
should you install a rain, proceed as follows: 

1. Determine the capacity of a washtub or other large vessf'l 
and then find out how long it takes your supply to fill it. From thi^ 
you can find the supply in gallons per minute, 

2. Find the difference between the level of the surface of the 
water in the source of supply and the place where the ram is to be 
installed, that is, find the supply head (See Fig. 6). The ram 
should, if possible, be placed reasonably close to the source of supply, 

3. Determine the height above the ram that the water Is to be 
delivered to the reservoir and divide this height by the supply head 

4. In the table, multiply the number of gallons found under- 
neath this quotient by the number of gallons per minute of supply, 
and the result will be total gallons per day delivered to the reservoir. 
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To illustrate. Suppose we find (1) the supply to be 7 gallons 
per minute; (2) the supply head “h** to be 5 feet; (3) height of a 
reservoir above ram 45 feet. Then 45 divided by 5 equals 9. Under- 
neath 9h in the table we find 107, whence the number of gallons 
per day delivered to the reservoir is found to be 107 multiplied by 
7 equals 749. 

The hydraulic ram when once installed and put in operation, 
operates continuously, night and day, with the minimum of expense 
for repairs; its life is long and its first cost is not great. Wherever 
conditions are at all favorable for its installation it is highly recom- 
mended. 

Sources of Power. The sources of power used on the farm are; 
windmill, gasoline engine, electric motor and water power. Any of 
these may be used both for pumping and for operating machines 
about the farm. For this reason, when selecting the source of 
power to be used for pumping we should consider the service which 
may be had from that source when the pump is not in operation. 

Water Power. Wherever there is an opportunity to install a 
water power plant on the farm, it is found to be a most economical 
and dependable source of power; and when combined with an elec- 
tric generator and other electric appliances, the power system is the 
most convenient possible. As the opportunities for farm water power 
installations are very few a further discussion will not be under- 
taken except to mention in passing that where such opportunities do 
exist, the farmers have frequently been very successful in supplying 
themselves with power by installing home made wheels. In one such 
instance the farmer successfully used an old cast iron pulley wheel 
to the rim of which he had bolted grain elevator buckets from some 
old threshing machinery. 

In discussing the source of power, we will consider first cost, 
operating expense, dependability, serviceability and convenience. 

A windmill ranks high in economy, the operating expense being 
almost negligible, but on account of varying wind velocities it is not 
dependable. In the hot summer days, when water is most needed, 
there is usually less wind than in the colder weather when water 
is less needed. It is not uncommon that the farmer who depends 
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upon the windmill for his pumping is forced to resort to hand pump- 
ing at the time of year when he can least afford the time, or else 
he must have a small gasoline engine for use at such times. To 
avoid this difficulty, a very large storage reservoir is needed. The 
reservoir must hold enough water to tide over any probable period 
of calm weather. A windmill used in connection with such a reser- 
voir and with a proper distributing system may make a very conve- 
nient water supply system. 

On account of the variable power output of a windmill, it Is 
limited in service. Many attempts have been made to devise meth- 
ods of storing the excess output electrically at times of high wind 
and making it available in times of calm, but all attempts, so far, 
have been only partially successful. 

Gasoline Engine. The modern gasoHne engine is nearly, if not 
quite, as dependable as the steam engine and thus takes high rank 
in dependability. When properly mounted on a small truck it can 
be moved about the farm and used for many purposes. In this way 
it becomes very convenient and serviceable. Its first cost is not high 
but it is comparatively short lived and ils operating cost is fairly 
high. When operating at its rated capacity the gasoline engine does 
its work efficiently and cheaply but it will not carry overload at all. 
When operating at less than full load the fuel cost is very high, be- 
ing nearly or quite the same as when fully loaded. The convenience 
of the gasoline engine may be increased by combining it with an 
electric generator but cost is correspondingly increased. 

Electric Motor. Electric power is the most convenient and 
serviceable, and whenever such power can be obtained from a cross 
country line it is very dependable. Electric motors are not high in 
first cost and are comparatively long-lived, having an ordinary life 
of several times that of a gasoline engine. As with the gasoline 
engine, the high operating cost is its one drawback. The following 
table gives an approximate comparison between a gasoline engine 
and an electric motor of the same horsepower. See local dealer or 
catalog for exact prices. 

A gasoline engine requires about .17 gallons of gasoline per 
brake horse-power hour. An electric motor requires about 0.9 to 1.0 
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Floor Space 


H. P. I ^^^^^gEtTiTEbiTf Inches AppTox. “"'f' Price 


1 Engine I’Wotor | ^Engirie"’[ Motor 

1 Engine 

fMotoir 

5 

1200 

250 

30x50 

28x 36 

$175-225 

1100-160 

3 

650 

200 

25x45 

23x28 

80-150 

75-125 

2 

350 

! 150 

24x30 

21x24 

60-125 

60- 90 

1 

200 

100 

18 X 30 

16 X 20 

1 50-100 

50- 65 

% 


1 60 


12 X 16 


35- 45 


kilowatt hour per brake horse-power hour. On this basis gasoline 
at 30 cents per gallon is the equivalent of electricity at about 5 
cents per kilowatt hour. But we should remember that an electric 
motor will last as long as two or more gasoline engines and for this 
reason we can afford to pay a little more for electricity; that the 
electric motor will always deliver its full rated capacity and for short 
times will carry a 25% overload without difficulty; that the motor 
operates at constant speed at all times without noise or vibration; 
that the gasoline engine is dependent upon a proper adjustment of 
the valves and sparking to give even rated capacity, and that there 
is always a great deal of noise and vibration. 

A one-half H. P. motor is sufficiently large to run any one of 
the small farm machines such as fanning mill, food chopper, cream 
separator or churn. When it is learned that a one-half H. P. motor 
can be carried easily from one place to another by one man its great 
convenience is seen. When the farm* buildings are once wired a 
small motor becomes of service anywhere. 

Several companies are now putting out farm lighting plants con- 
sisting of a gasoline engine, an electric generator, a storage battery 
and switchboard. These are set up, connected and arranged with 
automatic controls ready for use. They are usually of small size as 
they are intended to produce only sufficient power for lighting the 
house and other farm buildings, vacuum sweepers, etc., and are not 
intended for heavier power purposes. The same arrangement, with 
larger capacity, could be used for general power plant. 

Storage of Water 

That the water may be convenient for use it is necessary that 
a pressure system be installed. Some sort of storage is necessary 
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unless water is obtained from a large spring or similar source located 
at a point above the house or from one of the new systems which 
automatically starts pumping as soon as the faucet is opened and 
stops when it is closed. There are three common ways of providing 
for this storage. (1) The hill reservior. (2) The elevated 
tank. (3) The pneumatic pressure tank. The first two of these 
operate alike and are here treated separately only because they are 
applicable to different local conditions. 

The Hill Reservoir. This is valuable only for such houses as 
have a hill nearby that is considerably higher than the peak of the 
house and other farm buildings. An excavation large enough to 
hold at least several days supply of water is made in the earth ai 
the top of the hill. The excavation is lined with brick set in c€*ment 
mortar, or better with a 6-inch wall of Concrete and then covered 
over with a concrete slab or brick arch. All inlet, outlet and over- 
flow pipes should be carefully built into the walls. The cover of the 
reservoir should be about two feet underground. This depth of earth 
cover prevents freezing in winter, and keeps the water in the reser- 
voir from becoming warm in summer. An opening of about two feet 
in diameter should be brought up to the surface of the ground so 
that access may be had to the reservoir for purposes of examination 
or possible cleaning. With a force pump water is forced into this 
reservoir and from the reservoir. is distributed to all parts of the 
farmstead. A pressure water heater may be installed in the house 
and hot and cold water may be had in the kitchen, bath room and 
laundry, and water may be had at the stock trough or other places 
at the barn, simply by opening a cock. 

If the source of power operating the pump is not very depend- 
able, the reservoir should be large enough to hold sufficient water 
to tide over any probalble period of scant supply. Generally the 
reservoir should have two chambers, each connected with the inlet, 
outlet and overflow pipes. In this way one chamber can be used 
when the other is being cleaned or repaired and a supply of water 
is insured at all times. 

The Elevated Tank. A wooden or metal tank large enough to 
hold the necessary supply of water may be constructed on the top 
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Fig. 8 

-of a towor sufficiently high to furnish the desired pressure. See Fig. 
7. Its operation is exactly the same as that of the hill reservoir, the 
tower, instead of the hill, furnishing the necessary elevation. But 
the ekwated lank is not protectc'd from changes in temperature and 
the water becomes warm in summer and is liable to freeze in winter. 
Unless the tank and the connecting pipes are carefully surrounded 
with frostproofing there will be some trouble with broken pipes in 
cold weather. If it is desired to use the water for lawn sprinkling 
or fire protection purpo.?es tbe tank tower should not be less than 
thirty feet high. 

The Piieuiimtic Pressure Tank. Water and air are pumped in- 
to a large water and air-tight tank. The outlet pipe from this tank 
is at the bottom. 
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Since the discharge from a hill reservoir or an elevated tank 
is by the action of gravity only, it is necessary to increase the height 
of the reservoir hill or the tank to increase the pressure. On 
the other hand, since the pressure tank operates in opposition to 
gravity it is only necessary to pump more air and water into the 
tank to increase the pressure. In this respect the pressure tank 
has an advantage over the other ways of storage, since the pressure 
may be increased at will without additional cost. Fig. 8. 



Fig. 7. 


It is customary to place the pressure tank in the basement of 
the house or barn, or to bury it in the ground with one end pro- 
jecting into the basement. It must be fitted with a water gauge so 
that the quantity of water in it may be determined at any time. It 
must also be fitted with a pressure gauge so that the pressures may 
not run so high as to burst the tank nor run so low that there Is 
no discharge of water. The pressure gauge should be in a conspicu- 
ous place, such as immediately over the kitchen sink, so that the 
pressure will be under obr.ervation at all times. 
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When the tank is placed in the basement or buried in the 
ground, there is very little chance for the water in it to freeze in 
winter or get warm in summer. The principal objection to the tank 
is that the pressure falls off rapidly as water is drawn from the tank. 

Tanks may be had of almost any capacity. The operating capac- 
ity of any tank is only three-quarters the rated capacity, as there 
must always be sufficient air in the tank to provide the required 
pressure. Any good force pump may be used to force the water into 
the tank, but it is best to secure a pump made for use with these 
tanks. These pumps are provided with an air valve through which 
the proper amount of air is drawn into the pump and forced into 
the tank with the water to keep up the pressure. Unless such pro- 
vision is made, it will be necessary to force the required air into the 
tank with a small air pump. (The regular pump would operate as 
an air pump for this purpose, if the suction pipe below the cylinder 
could be taken from the water and everything could be kept tight). 

There will be but little difference in the cost of construction of 
the three types. A very high tower or large tank will be costly, but 
so wdll be a large sized pressure tank or a long line of pipe to the top 
of a distant hill. The local condition determines the cost. 

Another type of water system developed in recent years consists 
of a small electric motor operating a small pump. The motor oper- 
ates the pump to accumulate a predetermined pressure in the system, 
when a pressure controlled switch opens the circuit and stops the 
motor. When the faucet is open the pressure is released, allowing 
the switch to close the motor circut thus again starting the motor, 
Pumping continues until the faucet has been closed and the pressure 
restored, when the motor is again automatically stopped. The motor 
gets its energy either from a commercial power line or from a farm 
lighting plant. Still a further development of this system consists 
of a small gasoline engine driven pump vrith automatic electric 
switch as above. The engine also drives a generator which charges 
a small storage battery for starting use alone. The starting switch 
closes the battery circuit through the generator which acts as a starr- 
ing motor to start the gasoline engine, after which It again operates 
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as a charging generator. Such a machine is very compact and self 
contained so that it can be installed independent of any other source 
of power. 

Hill Beservolr 

Advantages Water in reservoir always avail- 

Constant temperature able for use. 

Constant pressure Disadvantages 

Low upkeep cost Not always possible 

Klevated Tank 

Advantages Disadvantages 

Constant pressure Water warm in summer and 

Water in tank always available for freezes in winter. Consequently 
use. high upkeep cost. 

Pressure Tank 

Advantages Disadvantages 

Constant temperature Variable pressures 

Complete pressure control Water in tank not all available 

Medium upkeep cost. 

Automatic Kleciric Pressure System 
Advantages Small upkeep costs 

Avoids cost of large pressure tankAutomatic in action 

Reliable 

Moderate first cost Requires very little attention 

Fresh water as used Disadvantages 

Can be located in basement Must have current supply from ex* 

Practically noiseless ternal source. 

Automatic (lus Electric Pressure System 
Advantages Disadvantages 

Avoids cost of large pressure tank Reguires frequent inspection 
Fresh water as used Gasoline and oil must be kept in 

Can be located in basement supply 

Can be used remote from currentStorage battery subject to depre- 
supply. ciation regardless of use. 

Expensive upkeep, after long con- 
tinued service. 

Noisy 
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Prom this summary, It is evident that the hill reservoir is to hk* 
recommended wherever there is opportunity to construct it. When 
the hill reservoir cannot be had, the constant temperature and 
moderate upkeep cost of the pressure tank probably outweigh the 
constant pressure of the elevated tank. 

The automatic electric pressure system avoids the cost of install- 
ing a large pressure tank and recommends itself because of its con- 
stant supply of fresh water. 

Hoasehold Conveniences 

Probably the greatest need and the greatest possible convenience 
about the farm home is running water, piped to all parts of the 
house so that it may be had where it is needed by simply opening 
a faucet. A pressure water system provides for this and at the 
same time provides for the same conveniences about the barn and 
other farm buildings. 

With a pressure water system, hot and cold water are both “on 
tap” at the kitchen sink and at the lavatory and bathtub. The inside 
toilet, with its privacy, protection and convenience, replaces the old 
outhouse with its semi-public approach, its exposure, and its incon- 
venience, to say nothing of its positive menace to health. In the 
two-story house, water may be had on the second floor as well as on 
the first, thus saving the labor of carrying water up and down long 
flights of stairs. A laundry may be provided in the basement or in 
some other part of the house, if desired, since it will be no longer 
necessary to keep near the pump to avoid the long carry of the large 
amount of water used on wash day. In fact, the labor involved in 
preparation of vegetables, in cooking, in scrubbing, in washing, and 
in all other work about the house where water is used, will be much 
reduced. 

The woman in the house is as much entitled to pressure water 
as the man on the farm is entitled to the combined harvester or 
the header or other machines for reducing his labor. Besides help- 
ing the woman so much, the installation of a pressure water system 
helps the man about the barn. The watering trough is always full 
of water or quickly and easily filled without the labor of pumping. 
Water is handy at the hog lot and at the slop mixing barrel. In 
short, the help afforded by the convenience of pressure water abon' 
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f^ressure Water Heater Cor7necT/or7s 

Fig. 9. 


the barn is almost as great as that about the house. A pressure 
water system is not one-sided help, as are most farm machines, but 
It is a help to the whole family. 
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Figure 8 showB the installation of some of the household con- 
Teniences that have been mentioned. In the figure, a pressure tank 
is the indicated source of supply, but a hill reservoir, an elevated 
tank or an automatic electric, or gasoline pumping plant would serve 
just as well. 

Figure 9 shows the best methods of making the connections 
to a pressure water heater tank. In the figure, pipe A is the main 
supply pipe, pipe B leads from the heater to the water back or heat- 
ing coils in the kitchen range, pipe C leads from the heating coils 
to the top of the storage tank. The pipe C should always slope up 
from the heating coils toward the tank. D is a small hole in th^^ 
main supply pipe to prevent siphonage. With the connection as 
shown, hot water may be had in a very few minutes after the fire in 
the range is started. 

Fire l*rotectioii. It is not probable that any water supply sys- 
tem that may be installed on a farm will be adequate to put out a fir^ 
that is once under good headway: but taken at the beginning the 
fact that a large supply of water is available for immediate and con- 
tinuous use, makes it possible to put out a fire that could not be 
checked by pump and bucket methods. It should be kept in mind 
that large pipes give much better service than small ones in putting 
out fires. For this reason, it is true economy to make the main 
pipes large enough to supply all the taps at the same time. 

Costs 

Puinixs and Machinerj. The cost of lift or force pumps of such 
size as are used on the farm is only a few dollars. There are so 
many different sizes and styles of pumps used that the actual cost 
prices cannot be given with any assurance of accuracy. In every 
case, the local dealer will be able to advise as to type and size needed 
and cost of same. Any local hardware dealer can furnish prices on 
all types of pumps, engines, rams, windmills, etc., or prices of same 
may be secured from popular farm supply catalogs. If there is a 
local company supplying electricity, always consult them as to the 
type of electric motor to buy; that is, direct current or one, two, or 
three phase alternating current. 
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Storage. The hill reservoir can be entirely constructed by the 
farmer himself, with the assistance of his regular help. In this 
case, the money outlay would be for material only. An excavation 
fourteen feet long, seven feet wide, and ten and one-half feet deep 
would be required for a reservoir of sufficient size to contain 4000 
gallons. A reservoir of this size should be divided into two cham- 
bers, as described in the bulletin. 

If a concrete lining is to be used, the excavation should be care- 
fully trimmed to the given dimensions and the earth used for the 
outside forms for placing the concrete. The side walls should be 
six inches thick with a small amount of reinforcement to prevent 
cracking; the bottom, six inches thick, with sufficient reinforcement 
to prevent cracking caused by settlement ; the top, six inches thick, 
reinforced to carry the two feet of earth cover safely; the partition 
wall twelve inches thick wull require a small amount of reinforcement 
to prevent cracking when one chamber is empty. This construction 
leaves the water chambers each six feet by six feet by eight feet deep. 

The materials required for the concrete lining are as follows: 

Portland cement . .72 sacks or 18 bbls. 

Sand 5.5 cubic yards 

Screened gravel or crushed rock 10.6 cubic yards 

The amount of reinforcement required will depend somewhat on 
the character of the soil in which the excavation is made. For avei- 
age conditions, the top slab will require three-eighths inch round steel 
rods spaced five inches apart running one way across the slab and 
one foot apart the other way. In good firm earth, the bottom slab 
should have about the same reinforcement. For the side walls, verti 
cal rods spaced one foot apart for half the height from the bottom 
and two feet apart for the remainder, with a horizontal rod every two 
feet, should be sufficient in any soil. 

The total amount of excavation required is forty cubic yards. 

A wooden tank, of the same capacity as the hill reservoir noted 
above, placed on a steel tower thirty feet high, will cost approxi- 
mately 1276.00 exclusive of erection. 

A 2000-gallon pressure tank will cost about $300.00 exclusive 

22 



of instaUation (Soe local dealer oi coiiMiU catalo^^s for exact pric^\"- 
of above,) 

The cost of the piping and installation for the three types under 
circumstances favorable to each, would be about the same and would 
depend entirely on local conditions. 

CVmveiileiices. Since the cost of installation is usually one ol 
I lie largest factors in Ihe total cost of sanitary household equipment, 
it will be necessarj to consult your local dealer or plumber to de- 
termine the cost of pressure wal<‘r heaters, bathtubs, sinks, and other 
household equipment 


Conclusion 

It pumping IS done b> hand from a well of any considerabb' 
depth, the cylinder must be of small diameter and the discharge will 
he coiTosiiondingly small. Even when a windmill is used in direct 
(•onnection with a pump, it is best to use a cylinder of small diameter 
so (hat the mill will pump wntb light wands (eight miles to twelve 
miles per hour) But wiieii a gasoline engine or electric motor is 
used, power is supplied at a constant rate and the pump should be 
selected to use this powmm’. 

This allows the selection of a pump with larger cylinder and 
consequently less time is requiied lo do the pumping. A 2 H. P, 
motor, connected to a i»ump ot proper si^i‘. wull deliver about 150,000 
gallons of water one toot high in one hour. This is the same as 
]»umpiiig 1500 gallons per hour to an elevation 100 feet above the 
.surface of the water m the well The motor will require from 5 
to 6 K. W, hours of electrbity to do this pumping. Or, if a gasoline 
engine is used, it will require from one and one-fourth, to one and 
one-half gallons of gasoline 

Should you attempt to pump this quantity of water by hand it 
would require many hours of hard work. Forty-five cents worth of 
gasoline and the wear and tear on the engine are the dollars and 
cents offset against extreme weariness and a scant water supply 
Conveniences cannot be measured in dollars and cents. Besides the 
saving of time and strength, there is a satisfaction In having 
w'hat you need, and this satisfaction is increased by the pleasure 
which replaces the drudgery 
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The ENGINEERING EXPERIMENT STATION of the State Col^ 
lege of Washington established on the authority of the act passed 
by the first Legislature of the State of Washington, March 28, 1890, 
which established a “State Agricultural College and School of Sci- 
ence, “ and instructed its commission “to further the application of 
the principles of physical science to indiistria] pursuits/* The spirit 
of this act has been followed out for many years by the Engineering 
Staff, which has carried on experimental investigations and published 
the results in the form of bulletins. The first adoption of a definite 
program in Engineering research, with an a])propriation for its main- 
tenance, was made by the Board of Regents, June 2lBt, 1911. This 
was followed by later appropriations. In April, 1919, this depart- 
ment was officially designated, Engineering Expernient Station. 

The scope of the Engineering Experiment Station covers research 
in engineering problems of general interest to the citizens of the 
State of Washington. The work of the station is made available to 
the public through technical reports, popular bulletins, and public 
service. The last named includes tests and analyses of coal, tests 
and analyses of road materials, testing of commercial steam pipe 
coverings, calibration of electrical instuments, testing of strength 
of materials, efficiency studies in power plants, testing of hydraulic 
machinery, testing of small engines and motors, consultation with re- 
gard to theory and design of experimental apparatus, preliminary 
advice to inventors ,etc. 

Requests for copies of the engineering bulletins and inquiries 
for information on engineering and industrial problems should be 
addressed to Director, The Engineering Experiment Station, State 
College of Washington, Pullman, Washington. 

The Control of the Engineering Experiment Station is vested in 
the Board of Regents of the State College of Washington. 



INTRODUCTION 


The primary object of these tests of Heat Insulating materials 
is to provide information leading to greater savings through the 
use of commercial steam pipe coverings. Routine tests v^^ere first 
made on samples of commercial coverings and the results were 
checked with those of other investigators* for the purpose of estab- 
lishing the accuracy of the methods used. Then the study was made 
of the thermal and economic efficiencies of graded combinations 
of commercial coverings. The arguments for graded coverings app)> 
more particularly to two conditions. First, a great many instal- 
lations at present are using one 1 hickness 'of good covering and do 
not consider it a good investment to apply another thickness of (lie 
same priced covering, not knowing that at the comparatively low 
temperature at which the outside layer of covering would work, llu' 
cheaper grades of covering are almost as efficient as the most ex- 
pensive grades. Second, in some new installations it should be 
possible to apply the graded coverings with greater economic effi- 
ciency than is possible with an application of uniform covering. 

For those not already familiar with the theory of heat flow, 
a mathematical analysis is given for homogeneous coverings and fur- 
ther developed to apply to graded coverings. 
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Commercial Efficiency of Graded Steam Pipe 

Coverings. 


Tlieoi'etical Analysis of Heat Flow in Pipe Coverings 

The? ()bj(‘ct of a mathematical treatment of heat flow in pipe 
coverings is to determine the amount of heat lost per sq. ft. of sur- 
face protected in terms of the physical constants of the insulating 
material used, so that losses may be predicted for new installations. 
The prime factors of importance in the relation for heat loss are 
temperature drop from the inside of the pipe to the surface pf the 
covering, the conductivily of the covering, and the BTU lost per 
sq. ft. of surface to be protected. 



Fe<f f 

The total temperature drop, through both pipe and covering 
is divstributed as shown in Figure 1, and consists of the drop from 
inside of the pipe, or steam temperature, to the inside surface of 
the Insulation, from the inside surface of the insulation to the out- 
side surface, and from the outside surface to the surrounding air. 
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The temperature drop through the metal walls of a covered pipe 
carrying saturated steam, ranges from zero at 80*^ pipe surface tern* 
l^erature to .8® at 400*^ pipe surface temperature and is so small 
it is usually ignored in calculations of heat loss. 

The formula for heat loss from a flat protected surface is: 

Ak (t, — t,) t (1) 

H,=: 

X 

Where: 

Ho = Total loss of heat in British Thermal Units. 

k = Conductivity of material in BTU per sq. ft. per degree 
temperature difference per hour per inch of thickness. 

t, — tj = Temperature drop between hotter and colder surfaces 
of the insulation. 

A = Area of protected surface in sq. ft. 

X = Thickness of insulation in inches. * 

t = Time in hours. 

Uniform Type Covering 

The formula for pipe covering is developed by considering a 
hollow cylinder with internal and external diameters corresponding 
to the covering in question, and of such length that the inner sur- 
face is one square foot in area. As the heat flows from the hot 
inner surface to the cooler outer surface, it encounters a constantly 



increasing area and for that reason the flat surface formula can* 
not be directly applied. However, as in Figure 2, if a ring of 
infinitesimal thickness dr Is considered, the flat surface formula 
will apply since the outer and inner surfaces of the ring approach 
an eaual value, 

Then: 

H A k — per hour (2) 

dr 

Where: 

dt = temperature drop through the ring, 
dr = infinitesimal thickness of ring, 
rj = inside radius of covering. 

T 2 =-~ outside radius of covering, 
r = radius of ring. 

Then, since the length of covering was assumed such that the 
surface of the cylinder of radius equal to r„ is one sq. ft., the area 
of the surface of the ring of radius r is: 


Substituting in (2) 


r, 

r dt 
H = k — — 

ri dr 


r,H dr 

or, dt — 

k r 

which is a general equation for any infinitesimal ring in the covering, 
and can be integrated between the limits of the pipe covering, r^ 
and r„ 


or. 


'•.H : 

r it = — C 

^ t. k •' 1 


dr 


r.H 


(log.rj — log' r.) 


H = k 


(t. — t.) 


r. log,- 


(3) 
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The coefficient of conductivity k is the only part of the equation 
which must be determined by experiment, but after once being deter- 
mined for a covering for a given temperature range, the value may 
be used thereafter in calculating heat loss for that covering over 
the temperature range given. In other words, if the value of k 
has been determined for 85*5^ magnesia covering over a range of 
temperature differences from 300 to 500 degrees Fahrenheit, it may 
be used in any calculation for heat loss through 85% magnesia 
within similar temperature limits. The value of k is not constant 
as has been assumed above for different temperatures, but increases 
as the temperature in the insulation increases and varies with dif- 
ferent thicknesses of insulation Therefore the value of k to be 
used IS best derived from a plotted curve for the temperature range 
desired and for the approximate thickness to be used Figure 0 
Shows values of k for different coverings as determined in thes^ 
tests. 


(iraded Tn>c Covering 

The foregoing anahsis deals only with coAd-ing^ made up of 
one material throughout If two different kipds of covering aio 
emploved on a pipe at the same time the calculation for heat loss 
involves the consideration of different values of k for each coveiing 
in addition to the other factors. 



Fty ? 


Since the heat los& tlirough any one layer of a covering must 
be the same as the heat loss through any other layer on the same 
pipe at the same time, then: 
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K (t, — t,) k, (U — t,) 

1*1 (log^rj — ,log^r,) r, (log^j, — log^r,) 

where k, and ks are the coefficients of conductivity for the first 
and second coverings respectively and temperatures are as shown 
in Figure 3. Therefore in order to calculate the heat loss through 
a graded covering, it is necessary to know the value of and k., 
and these, like k, for the single covering can be determined only 
from actual test, at working temperatures close to those expected. 


IK^cription of Testing Miichine 

One of the primary requirements for testing pipe coverings 
is a constant and easily adjustable source of heat. This could best 
be realized only by the use of a special machine designed and 
constructed for the purpose. Such a machine was built and used 
very satisfactorily throughout these tests. It consists as shown in 
Figure 4, of a standard five inch steel pipe about 15^ feet long, 
filled with oil. One end was closed with a steel plate welded to the 
pipe. The other end was fitted with a flange to which was bolted 
a plate carrying a stuffing gland on the outside. Carried on bearings 
in.side the pipe was a 2" pipe on which was wound an insulated 
electric heating element. This element consisted of No. 16 iron 
stove pipe wire wound non-inductively around the 2" pipe, asbestos 
paper being used for insulation. Leads to three separate sections 
of the heater were brought from the slip rings shown, into the 
machine through the hollow shaft extending from the 2" heater 
pipe out through the stuffing gland mentioned above. A steel 
ribbon 3/32" x 3/8" wound into a spiral of 3 8" pitch was attached 
to the heater pipe so that it stood 1/4" above the heater element 
and cleared the inside of the 5" pipe by about 1/2". This spiral 
acted as a screw to both rotate the oil and give it an endwise motion 
through the matPhine. The return path wag provided through the 
2" heater pipe so that when the machine wab in operation the rota- 
ting heater also thoroughly stirred the oil to maintain the temper- 
ature uniform throughout. 
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The heater-stirrer was rotated at 25 r. p. m. by means of a 
motor belted through a reduction gear to a pulley on the end of 
the hollow heater shaft. Slip rings adjacent to the pulley and 
connected to lead wires coming out between gaskets in the flanged 
union on the end of the hollow shaft, served to convey current to 
the heating element within. The current from the transformer was 
controlled by means of a lamp bank in series with the heater. 

Oil was used as a heat conveying medium and since oil ex- 
pands with a rise in temperature, provision was necessary for con- 
siderable increase in volume. An outlet was located In the end 
of the machine so that it would first lead off all the air and gas 
in the system and then as the temperature increased conduct the 
excess volume of oil into a reserve tank. This overflow was a glass 
tube 1/8" internal diameter. By adjusting the oil level properly, 
the entire machine became a huge thermometer with a bulb of about 
12% gallons capacity and a 1/8" glass stem in which 1® F equaled 
about 18" length of stem. 

Control of the electrical input to the heater coils made it pos 
sible to maintain a steady temperature in the system as indicated 
by the constant position of the oil level in the glass stem. 

Heat was supplied to the machine through the three electric 
heating elements mentioned above. The electrical input was meas- 
ured in watts by means of an indicating wattmeter and this was 
converted into heat equivalent by the constant, 3.415, which is 
BTU per watt hour. The heat put into the machine to hold the 
temperature constant represents the amount of heat that is being 
radiated out through the covering and if this input is divided by 
the surface area of the pipe, the average radiation per sq. ft. is 
the result. However, due to the shape and irregularities of the 
ends of the pipe, it is almost impossible either to measure the area 
accurately or put on a covering which will give the same radiation 
per sq. ft. as the straight part of the pipe. Since it was so uncertain 
and difficult to determine the end losses accurately, it was decided 
to eliminate them entirely from the calculations. 
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Control of find Losses 


If two portions of a body are of the same temperature, no 
iranpfer of heat will take place. This fact was utilized in the 
insulation of the end portions of the machine. A coating of plastic 
nn agnosia cement was applied to the ends of the machine so that the 
intervening length of 5" pipe would accommodate 14^ feet of stan- 
dard sectional covering. About a dozen ^ " holes were drilled 
perpendicularly into each end coating of cement and in these were 
inserted alternate junctions of a number of thermo couples con- 
nected in series. The remaining and opposite junctions were left 
against the outside surface of the cement. Over this was applied 
another coating of magnesia cement about 1" thick and to the sur- 
face of this was applied a pancake heating element, which in turn 
was covered with a final coat of plastic cement. When the current 
to this auxiliary heater was properly adjusted, the temperature at 
the heater element is the same as the temperature at the surface 
of the end of the pipe and there would then he no transfer of heat, 
or end radiation from the machine itself. In other words, the end 
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heater was supplying the end losses. The proper current adjustment 
for this auxiliary heater was determined by means of the thermo 
couple series connected to a galvanometer so that If all the thermal 
junctions of the series averaged the same temperature, no current 
would flow through the galvanometer and the deflection would be 
zero. A deflection of the galvanometer merely indicated that the 
end heaters were either hot or cold as compared to the end of the 
pipe and the current in them should be re-adjusted accordingly. 
Each end heater was independent of the other and so also were the 
thermo-couple series in each end. This arrangement made it pos- 
sible to adjust temperatures so that the electrical input Into the 
main heater represented the amount of heat radiated out through 
the 14% feet of covering. Figure 6 shows the electrical circuits of 
the testing machine. 
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Test Measurements 


Electrical Input was measured with a Weston indicating watt- 
meter, Model 310, which was calibrated and checked frequently 
throughout the tests. In addition to the electrical heat energy put 
into the machine, account must be taken of the mechanical heat 
energy introduced by the mechanical stirrer into the oil. This was 
determined by measuring the electrical input into the stirrer motor 
both with and without the oil in the machine. After allowing for 
added losses In the motor itself due to added load, the difference 
was taken as the amount of mechanical energy Introduced into the 
oil as heat. This amount was found to be 8 watts and was always 
considered as part of the input into the machine. Temperatures 
were measured by means of the average of five sets of copper-con- 
stantan thermo-couples, located as shown in Figure 5. The surface 
temperature of the pipe was measured rather than the temperature 
of the medium and for this, five couples were embedded in the 
metal surface of the pipe. This was done by raising a lip of steel 
with a cold chisel, inserting the couple junction and peenlng the 
lip of steel down over it. A similar set of five couples was inserted 
Just under the canvas jacket of the covering to measure outside 
surface temperatures. Also a pilot thermometer was located in an 
oil filled thermometer well, drilled in the top of the flange end of 
the machine, for the purpose of quickly ascertaining the approxi- 
mate temperature of the pipe in adjusting for taking a set of data. 
All the thermo-couples were tested for Identity and for residual emf. 
A certificate from the Bureau of Standards was secured for one 
of the stock thermo-couples, and the rest were checked against this 
one. An ice bath was employed for the cold junction and emf's 
were measured on a new Leeds and Northrup White potentiometer 
with sensitive galvanometer. The standard cell for the potentiometer 
was frequently checked against another standard kept for the pur- 
pose. The potentiometer was also used to determine if the tem- 
perature of the machine was stable. This was done by measuring 
♦he emf. of one of the pipe couples and leaving the potentiometer 
connected and noting if a drift of the galvanometer reading took 
place during the next five minutes. If not. then the temperature 
was not changing and a set of data could be taken. 
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It required from two to four hours to establish the stability 
of temperatures in the covering after they had been changed. Thick 
coverings required a greater length of time for temperatures to 
become stable than did thin coverings. 

Covering was applied to projecting oil pipes, shaft, etc., in 
order to minimize all stray heat losses from the machine. 

Tests Made 

Tests were made on coverings bought in the open market and 
applied to the pipe according to common practice in engineering 
work. Magnesia, air cell, ''asbestoce^^ “carocer', *‘nonpa^ei^^ 
‘'sponge felt'*, and “multiply** wore among the coverings investi- 
gated. Each new set of covering after being applied to the testing 
machine, was brought up to the highest testing temperature and 
dried several days before any data were taken, then losses were 
measured at successively decreasing temperatures. Previous to and 
during a test the room temperature was maintained constant, and 
as free from air currents as possible. 

Sample Calculations 

Data from test on standard thickness 85% magnesia: 


Pipe temperature 

306” 

Fahr. 

Surface temperature of covering 

114® 

Fahr. 

Air temperature 

80* 

Fahr. 

Electrical input 

610 

watts. 

Mechanical input 

8 

watts. 

Total input. 

618 

watts. 


Input per sq. ft. pipe surface 

618 21.05 == 29.35 watts per sq. ft. 

B. T. U. input, 29 . 35 X 3. 415 ~ 100.35 per sq. ft. per hr. 
Outside diameter of pipe 6.6*', r == 2.8" 

Inside diam. of coverings 5.6", ri= 2.8", log,,2.8rr.i.0296 
Outside diam. of covering 7.6", r, — 3.8", log^,3.8=:l .3350 
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Solving for conductivity li» 

H Ti (log^r,— log^r,) 

k = 

ti — t, 

100.35 x 2.8 (1.3350—1.0296) 

306 — 114 

= .446 BTU/sq. ft./hr./deg. temp, diff./in. thick. 

This is the value of k for single thickness magnesia at the 
temperature difference given. The value of k Increases as the 
temperature difference increases — 

Illustration of calculation of heat loss from a 4" pipe; 

Steam pressure 100 lbs. per sq. in. 

Temp, drop in wall of pipe .5® Fahr. 

Pipe temp., steam at 100 lbs. 336.® Fahr. 

Air temperature 80.® Fahr. 

Outside diam. of pipe 4.6", r=2.25" 

Inside diam. covering 4.5", r,~2.25 log ^,2. 25 = .8100 

Outside diam. covering 6.5", r2=3.25 log ^3.25 = 1.1787 
k at 256 degrees temp, diff, = .455 (From curve Fig. 9) 

Assume surface temp, at 110 deg. Fahr. 

.455 (336—110) 

H =11 — ~ = 124 

2.25 (1.1787 — .8109) 

H ™ BTU per sq. ft. of surface of covering. 

124 X 2.25/3.25 
86 
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From curve sheet Figure 6, a radiation of 86 BTU per square 
foot of covering surface will take place at a temperature difference 
between surface and air of 43 deg. This would make the surface 
temperature of the covering being investigated = 80 + 43=123 
degrees instead of 100^ Therefore, the surface temperature in the 
first trial solution was assumed too low. 
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Repeating above solution with assumption of surface temper- 
ature of 121 deg. 

? .455 (356 — 121) 

H = := 118 

2.25 X .3678 

118 x 2.26/3.25 = 81.8 

From curve sheet Figure 6 a radiation of 81.8 BTU per sq. 
ft. of covering surface will take place at a temperature difference 
)t 41% deg. which would make the surface temperature 121% 
deg. which is % deg. from the assumed temperature and may be 
accepted as correct. 

Graded Covering Calculations 

Given, pipe size, 8" 

Steam pressure, 120 lbs. per sq. in. 

Steam temperature. 353% deg. Fahr. 

Temperature drop in metal of pipe, .5 deg. Fahr. 

Air temperature, 80 deg. Fahr. 

Covering, — 1" magnesia and 1" air cell 

Find radiation per sq. ft. of pipe surface, 
k, = .46 (magnesia) 
ka = .66 (air cell). 
ta= 353 deg. F. 
ta=rl00 deg. (assumed). 
ra= 4.3126, log ^4.3125 = 1.4636 
r 3 = 6.3125, log ^^6. 3125 = 1.8425 
r,= 8.3125, log^8.3125 =2.1179 

K(U — t,) ka(ta — ta) 

Vi(log,r,/r,) r,(l«ggr,/r,) 

.46(353 — t,) .66(ts— 100) 

4.3126 X .3810 ~ 4.3126 X .2754 
= .28(363 — t,) = .566(t,— 100) (1) 


t, = 183.7». 
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Substituting to derive H, (1) 

H = . 28(353 — 183.7) 

= 51.4 BTU per sq. ft. of pipe per hour. 

4.3125 

H = 51.4X - 
® 8.3125 

= 26.6 BTU loss per sq. ft. of outside surface of the 
covering per hour. 

Fi'om Fig. 6, 26,6 BTU surface radiation takes place at 
temperature difference of 13 deg. between the surface and the 
surrounding air. 

Therefore 

13“+ 80“ r- 93“ instead of 100“ which was assumed. 

Substituting again for trial solution, using 93® for t„ 

103.2 — .293 t2 = . 607 t, — . 607 X 93 
t, = 177® 

Then 

H = 607 X -177 — .607 X 93 

= 50.8 BTU loss per sq. ft. of pipe per hour. 

4.3125 

H = 50.8 X 

8.3125 

= 26.4 BTU loss per sq. ft. of outside surface of the 
covering per hour. 

From Figure 6 a radiation of 26.4 BTU/sq, ft. of surface per 
hour takes place at a temperature difference of 13.6 deg. This 
added to the room temperature will give ta = 93.6 deg. which is 
practically as assumed in the second trial. 

Therefore the radiation per sq. ft. of pipe would be 60.8 BTU 
per hour through graded covering consisting of magnesia and 
1" air cell. 
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BooBomic OoncliDBioBt 


In order to eliminate the necesBity for the use of iHTolyed 
calculations for those not interested in the mathematical solution 
for heat loss through graded pipe coverings, charts Fig. 10 and 
Fig. 11 have been prepared to give the results for S'' pipe. Fig. 10 
gives comparative values of heat loss for different kinds and com- 
binations of coverings. A study of this chart discloses the fact that 
a graded combination of sponge felt and asbestocel is more efficient 
than magnesia and air cell at a temperature difference below 265 
degrees while above that temperature the reverse is true. A com- 
parison between dollars loss per lineal foot per year for any cover- 
ing and the loss per year for the same pipe bare, Fig. 7, will show 
the amount saved by the covering selected. 



Temperature ettfftrence 

/vy Tt /Mat Toss from ffue/ncA hare steam ja/pe. 

Fig. 11 shows the saving in dollars per lineal foot per year 
due to adding either of three different coverings over a covering 
of li'' magnesia already in place on a 5" pipe. In addition, it also 



&0 iWb £SK? J&P ^ 3^ &&0 •fOO 

Tempdmdii/r^ of sfisom cfegi/»€ky 

fv^S, f^ress(J!re--Affrf/?oyz7/t4rt? ci/^ 

shows the annual cost of single thickness coverings large enough 
to go over the covering already in place. This annual cost is com- 
puted on the basis of list price, at discounts up to 60% off. plus 
10% of list price for erecting; assuming 6% interest on total first 
cost, and 5% of total first cost for upkeep, etc. The basis for 
computing the sinking fund annuity is 6%. 

As an Illustration In the use of the chart, a given installation 
of S'' pipe is carrying 125 lbs. of steam and is covered with 1" mag- 
nesia. Room temperature is 80 degrees. Examples are given where 
the investment is to be returned in 14. 20 and 30 years. Market 
prices of covering are assumed to be as shown in the following table 
for one lineal foot of covering. 
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In the three cases cited above, the greatest total annual saving 
would accrue from using magnesia. However, air-cell, the most 
inexpensive covering of the three types considered, will show the 
greatest per cent return on the annual cost. 

If the life of the covering. Instead of a certain number of years 
is made the basis of the yearly cost, the above table will suggest 
some possible conclusions. For instance, assume the life of one 
covering as 14 years, another as 20 years, and the third as 30 years. 

These examples will show the use to which this chart, Fig. 11, 
can be put for determining what type of covering it is most profit- 
able to apply under given conditions. 



40 60 eo too fZO MO /60 /ao 300 £30 £>fO 360 200 

D£;6R££S TEMPEMTUFKE: DjrFERFNCE jurMce 

Fy. S Vaiuee of conductivity “H" for somp/e cover/ny^ 

Approximate Heat Loss From Coverings Already Installed 

Figure 12 is a chart for the purpose of determining the approx- 
imate radiation from a given installation of pipe covering already 
in operation, without the necessity of knowing the steam pipe tem- 
perature or kind of covering in use or its condition. The outside 
diameter of the covering is easily obtainable and the air temperature 
can be measured in the ordinary way with a mercury thermometer. 
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The surface temperature is measured by means of a thermometer 
bound to the side of the covering with the bulb under a single thick- 
ness of three ounce canvas. Then the temperature difference be- 
tween covering surface and air, applied to the chart for the outside 
diameter of the covering investigated will give the approximate 
radiation losses in BTU per hour or dollars per year per lineal foot. 
A series of tests of the above method of measuring surface tem- 
peratures of pipe covering gave an average variation of about 1 % To 
higher than the temperature as determined by thermo-couples. The 
maximum variations never exceeded Z% higher. 

Tin Jacketed Coverings 

It is commonly known that at a given temperature a smooth 
bright surface such as tin will radiate less heat than would be 
radiated from a surface of canvas or of asbestos paper. This fact 
suggested a further possible heat saving tn the Insulation of steam 
pipes by the substitution of a polished tin surface for the usual 
canvas jacket on the outside of the covering. Such a test was made 
by measuring the heat loss through a high grade 1" asbestos cov- 
ering. Then a jacket of bright tin was tightly fitted over the sur- 
face of the covering and the heat loss was again measured for the 
same pipe temperatures. The saving in heat due to the addition of 
the tin surface is shown in the following table where the air tem-r 
perature is at 80 deg. Fahr. 


Pipe 

Temp. 

Steam 

I 

Pressure 

{ BTU He 

1 ■ ■ " 

Canves 

Surface 

at Loss* 

Tin 

Surface 

Per Cent 

Saved 

1 

Saving Per 100 
Sq. Ft Per Yr. at 
70c Per Million 
BTU 

249 

15 

13,6 

10,7 

21.3 

$1.78 

ZieVz 

34 

17.3 

14.0 

21.3 . 

CO 

CO 

2941/2 

48 

20.4 

16.1 

21.1 

2.63 

3121/^ 

67 

23.1 

18.1 

21.6 

3.06 

330 

89 

• 26.1 

20.2 

22.6 

3.62 

350 

126 

30.4 

23.5 

22.7 

4.23 


The above table will indicate that the saving is large enough 
to warrant serious consideration. Ordinary coke I C tin costs approx- 

BTU per hour per square foot of outer surface. 
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Imately $18.00 per 100 sheets of a total area of 388 sq. ft. Allowing 
for lapping join^, 100 sheets will cover approximately 350 sq. ft., 
and, for example, allowing $17.00 for erecting, the total cost for 
tin Jacketing the covering of a plant would be 10c per sq. ft. For 
pipes operating at a steam pressure, for instance, of 126 lbs. per sq. 
inch the saving would be 4.2c per sq. ft, or an interest on the invest- 
ment of 42%. It has been assumed that only straight runs of pipe 
will be covered with tin and that no attempt will be made to make 
it water tight. 

It should be noted in considering a tin covering that the tin 
jacket affords considerable protection to the covering and justifies 
a reduction in the sum set aside for maintenance and depreciation 
on the covering. The tin, in certain cases, may also replace the 
canvas jacket now used on insulating coverings. 

103S m - Hs/frpr 



Fconom/o from pfpt^ coAerr/?^ cfeAor/n/nefA irurA&c& 

OTfcf exfcAs^a/ coihW7/?p. 
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Sample C’alculation of Heat IiOS8 From a Domestic 
Hot Water Heating System 

In computing the heat losses from the pipes of a domestic hot 
water system, the temperatures used are comparatively low — approx* 
imately 160 to 200 degrees Fahr. — and the temperature difference 
between a covering surface and' room temperature would be small. 
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At such temperatures the heat loss is but little more from the 
cheapest covering than from the most expensive. For this reason, 
domestic hot water systems are usually insulated with but one 
thickness of air cell or similar grade covering. The furnace boiler 
itself is usually covered with plastic magnesia. 

A certain amount of radiation in the basement is usually 
desirable because a house is much better for children and easier 
to keep comfortable if the floor is not cold. Radiation from pipes 
covered with one inch of covering will usually warm the basement 
enough to prevent freezing. Exposed pipes would keep the basement 
air much warmer. 

Following is a sample calculation for the heat losses from a 
domestic heating plant, first with pipes exposed and then compar- 
ing the use of each of two different grades of covering such as 1 " 
magnesia and 1" aircell. The calculation is applied to a 4" pipe in 
a basement free from cold air drafts. 

Pipe temperature *.= 180 degrees. 

Air temperature, = 70 degrees. 

Hours in service, (8 mo per year) =5760 

Bare pipe losses per hr. = 244.2 BTIT per sq. ft. of pipe. 

Bare pipe losses per eight mo. = 1,405,000 BTU per sq. ft. 

Heat costs approximately $1.00 per million BTU. 

(High because of low average furnace efficiency) 

Total loss per sq. ft. per eight mo. = $1;.405. 


Calculated Loss Per Sq. Ft. of 4" Pipe Covered With 1" 
Covering 

Outside diam. 4" pipe = 4.5'', rad. = 2.25" log^2.25 = .8109 
Outside diam. 1" cor. = 6.5", rad. = 3.25" log 3.25 = 1.1787 

k (t, — ts) 

H= 

rdog^r^ — log^r,) 
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One Inch magnesia: 

ki mag = .40 
U = 180 * 

ta =91® ave. 

.40(180 — 91) 

H=: 

2.25(1.1787 — .8109) 

n=43.2 BTU per sq. ft. per hr 
Total loss per sq. ft. per yr 
5760X43. 2X. 0001=24. 9c 
Cost 1" Magnesia, list=60.9c 
per sq. ft. of pipe surface. 

At 10 9^ off list=45.8c per 
sq. ft. 


One inch air cell: 

kj air cell = .60 
t, = 180® 

=96® ave. 

.60(180 — 96) 

H = 

2.25(1.1787 — .8109) 

= 60.8 BTU per sq. ft. per hr. 
Total loss per sq. ft. per yr, 
6760X50. 8X-0001=29. 3c 
Cost 1" Aircell, list, = 50.9c 
per sq. ft. of pipe surface 
At 451^ off list =28. Ic per 
sq. ft. 


Difference in savings in favor of magnesia = 4.4c per sq. ft. 
per year. 

Difference in first cost in favor of air cell = 17.7c per sq. ft. 

Value of heat saved by one inch air cell = 140.5 — 29.3c = 
113.2c, or $1.11, per sq. ft. per year. 

This shows that even here high grade covering pays a good 
return upon its extra cost. Usually however, the heat lost through 
the cheaper covering is no more than is desired to keep the base- 
ment fairly warm. 
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CRITICAL VELOCITY OF STEAM 
WITH COUNTER-FLOWING 
CONDENSATE 

Object 

In any installation, such as a one-pipe heating system or any 
other arrangement wherein it is desirable to carry the condensate 
back through the same pipe, it would be advantageous to know the 
critical velocity of the steam. By Critical Velocity, is meant the 
maximum flow of steam that can be maintained without hindering 
the continuous return of the condensate. 

The lack of accurate information on this subject has caused 
such installations to <be based almost entirely upon the judgment 
and the experience of the designer. It can easily be seen that 
such practice might lead to extravagant habits in design in order 
to insure the proper working as well as to protect the designers' 
reputation. 

Authors of text books on the subject of heating have been 
unable to give accurate data on this phase of the work but have 
contented themselves with giving what they considered safe practice. 

The object of this research is to study the conditions existing 
in one-pipe systems and to arrive at some conclusions that will be 
useful in any designs requiring a counter-flowing condensate. 

Method and Apparatus 

The method of approaching this problem was to set up a 
typical single pipe heating installation and to observe the effect of 
varying conditions of velocity, pipe-size, slope, and pressure upon 
the uniform return of the condensate. Steam of a known pressure 
and uniform quality was conducted through a pipe of known size 
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and pitch to a radiator of suitable size and the counter flow of the 
condensate observed under varying conditions of velocity. 

By referring to the accompanying plates, figures 1 and 2, the 
following description of apparatus uned may be more clearly under- 
stood. 

Steam for the experiment was led into a header that was made 
up of a four foot section of six inch pipe. The header was provided 
with a manometer, pressure gage, steam trap, and suitable con- 
nections for a calorimeter. Dry saturated steam was led from the 
lop of the header to an ordinary radiator. Figure 3 shows the 
arrangement of pipes for the tests on vertical risers The riser 
in each case was a ten foot length of pipe with standard radiator 
valve and connections. The radiator was fitted with a water glass 
and air valve as shown. Figure 2 shows the connections for hori- 
zontal pipes. The slope w^as varied by raising the radiator. 

The radiation was varied by a number of different methods, 
by use of coverings, by use of a variable speed fan, and by the 
use of water. 


DATA 

The first data were taken with a vertical riser and a standard 
valve of the same nominal size. Readings w'ere taken for each pipe 
.size under pressures of considerable range. 

Tests of ten minutes duration were run during which tune the 
pressure ana rate of condensation was hela constant. Working in 
this manner, the rate of condensation was gradually increased until 
a point was reached where the condensation did not all return in 
the pipe. The maximum amount returned was recorded. 

The maximum amount of water returned was determined 
carefully weighing the returned condensate for each ten minute 
test. Careful observation was made in each case to determine 
whether or not any water was held up. It was found that as the 
radiation was increased for each ten minute period, the condensate 
returned increased in proportion up to a certain point at w^hich it 
showed a marked decrease. In each case, at this point, water was 
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found to have been held up in the radiator, which showed that the 
critical velocity had been exceeded. 

Tests were run in this manner on vertical, inclined, and hori- 
zontal pipes, ranging in size from three-fourths inch to two inches 
inclusive, and under pressures ranging from one to six pounds. 

The first thing of importance noted was that the critic^al velocity 
was practically independent of the pressure used. This is shown 
in table 1, in which it may be noted that the maximum condensate 
returned in each ten minute period was practically constant. 

This condition being established no further reference to pressure 
will be made in the following discussion. 

In making calculations for critical velocities, table 2 was made 
up. The values for maximum condejxsate returned, as shown in 
this table, are the average values for each pipe size as shown in 
table 1. 

During the test it was observed that the maximum condensate 
was not necessarily governed b> the pipe size, but rather by the 
smallest cross-section in the line through which the condensatt* 
must flow. 

As a result of this, when a standard valve for the pipe used 
was installed, it became the governing factor because of the smaller 
throat area. 

With the elimination of this condition in view, a series of tests 
were run in which the valve used was one size larger than the pipe. 
In this case the pipe became the limiting factor instead of the 
valve. (See table 3)- 

Because of this condition where valves of the same nominal 
size as the pipe are used, two different critical velocities may bo 
calculated. The 'value obtained by using the area of the pipe will 
be a false value and should not be considered since the velocity 
through the valve is the velocity that actually limits the flow. 

By using a valve one size larger than the pipe, the true critical 
velocity in the pipe was determined and these values are shown in 
table 3. 
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TABIiE 1 

< lUTW.'AJi VAIiUES 


8 IZK 



VERTICAL 

1 SLOPE % IN 
' in 10 Feet 

SLOPE 
in 10 

6 IN. 
Feet 


('onden&iate 
Return in 

10 Minutes 

! Condensate 

1 Return in 

' 10 Minutes 

Condensate 
Return in 

10 Minutes 


1 

lb. 


lbs. 

.937 lbs. 

1.562 

lbs. 


2 

lbs. 

1.437 

lbs. 

1.000 lbs. 


lbs. 


3 

lbs. 


lbs. 

.875 lbs. 

1.312 

lbs. 


4 

lbs. 

1.500 

lbs. 

.937 lbs. 


lbs. 


5 

lbs. 

1.375 

lbs. 

.937 lbs. 

1.312 

lbs. 

•'. 1 " 

6 

lbs. 

1 .325 

lbs. 

1.000 Ib.s. 

1.600 

lbs. 

1 " 

1 

lb. 

3.312 

lbs. 

2.000 lbs. 


lbs. 

1 " 

0 

lbs. 

3.218 

lbs. 

2.126 lbs. 

3.687 

lbs. 

1" 

3 

lbs. 


lbs. 

1.887 lbs. 


lbs. 

1" 

4 

lbs 

.... 

lbs. 

1.875 lbs. 


lbs. 

V' 

5 

lbs. 

3.187 

lbs. 

lbs. 


lbs. 

1" 

6 

lbs. 

3.375 

lbs. 

1.812 lbs. 


lbs. 

1 H " 

1 

lb. 

5.687 

lbs. 

4.437 lbs. 

5.620 

lbs. 

1 14 " 

2 

lbs. 

5.250 

lbs 

4.500 lbs. 

6.125 

lbs. 

1 14 " 


lbs. 

5.000 

ibs 

5.000 lbs. 

5.626 

lbs. 

1 V4 " 

4 

lbs. 

5.375 

lbs. 

4.750 lbs. 

5.625 

lbs. 

1 M " 

5 

lbs. 

5.437 

lbs 

4.687 lbs. 

6.000 

lbs. 

IV4" 

(> 

lbs. 

5.750 

lbs. 

lbs. 

6.875 

lbs. 


Although the values shown above varj^ somewhat, apparently 
no relation exists between pressure and critical velocity. These 
values are single readings and the variation is apparently due to 
irregularity of flow of the condensate at the critical point and to the 
short duration of each test. 

As a result of this unavoidable condition the values used in 
the final calculations and charts are the averages of a number of 
readings in each case. Approximately two hundred readings w^ere 
taken on each pipe size. 
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TABliK 2 

VELOC^ITY" IN PIPES AND VALVES 


%: 

^ ^ i 

C.) A p« pi 

*2 ^ . ri 

l> a fo 

92 

192 

448 

136 

330 

572 

141 

357 

566 

152 

353 

584 

836 

1485 

139 

137 

322 

528 

694 

816 

1213 

1025 

1405 

1552 

1062 

1522 

1536 

1145 

1495 

1585 

1590 

1573 

1052 

© o © 
eO fc- « 

© W ’<!' 
r"< r“( 

Velocity > 
Ft. per 
Minute 
in Pipe* 

592 

745 

1002 

875 

1282 

1283 

903 

1390 

1270 

978 

1367 

1310 

1375 

1477 

897 

887 

1248 

1185 

Volume 

Per 

Minute** 

2.13 

4.45 

10.33 

3.15 

7.6.5 

13.22 

3.255 

8.30 

13.08 

3.52 

8.15 

13.50 

19.41 

34 30 

3.233 

3.1825 

7.45 

12.22 

Pounds 

Per 

Minute 



.0948 

.1979 

.4604 

© O r- 
^ 00 
eo krt 

CO «> C<1 
00 •-< 
^ © 00 
— 1 CO 

w © o © 

© w o w o 
O © © © M 
f-4 « © © © 

.1437 

© « © 

1-t iH © 

T-l © 

Actual 

Valv«» 

Area 

442 

.785 

1 . 227 

(N lO t- 
00 M 

-f r- w 

r>4 

w *r h- 

■*!' 00 (M 

Ol 

N © t'- b- 
© Ol © 
b- Ca t' 

rW © 


.442 

.785 

1.227 

Actual 
Pipe 
Area | 

o 
« o 

-H « OO 
I.'“v 00 t*l 

f-l 

2 

TO O lO 
tH © 00 
O 00 ^ 

^ o 

00 © © 
.H © 00 

o © ^ 

© 

© O © 

© © rjt ^ 

o « 

1-4 CO © 

.5184 

5184 

.8600 

1 48.5 

Actual 
Diam. of 
Valve 
Throat 

% inch 

1 inch 

1 % inch 

% inch 

1 inch 

1^ inch 

% inch 

1 inch 

1 % inch 

% inch 

1 inch 

1 % inch 
l^A inch 

2 inch 

a 

% inch 

1 inch 

1 % inch 

Nomina] Actual 

Valve Pipe 

Size Size 

13-16 inch 

1 3-64 inch 

1 3-8 inch 

13-16 inch 

1 3-64 inch 

1 3-8 inch 

13-16 inch 

1 3-64 inch 

1 3-8 inch 

13-16 inch 

1 3-64 inch 

1 3-8 inch 

1 39-64 inch 

2 1-16 inch 

13-16 inch 

13-16 inch 

1 3-64 inch 

1 3-8 inch 

% inch 

1 inch 

1 *4 inch 

AAA 
o o o 

.2 .2 .2 

r-< r-« 

% inch 

1 inch 

1 % inch 

% inch 

1 inch 

1 ^4 inch 

1 inch 

2 inch 

% inch 

% inch 

1 inch 

1 % inch 

Nominal 

Pipe 

Size 

Ji ji A 

O CJ u 

.S B .2 

% inch 

1 inch 

1^ inch 

% inch 

1 inch 

1^ inch 

% inch 

1 inch 
1^ inch 
1% inch 

2 inch 

A 

o 

.2 

S!l« 

AAA 
t> u 

.2 .2 .2 


% « 

« o 
ft ^ 
o 

33 .2 , 

® *» 

« o 
ft »-• 
o 

® ,2 

Slope 6" 
in 10 Feet 

Slope 12" 
in 10 Feet 

Slope 54" 
in 10 Feet 

Vertical 


This is not a true critical value for Pipe Velocity since the limit is in the valve 
Specific volume taken as 22.5 cu. ft per lb 
B. T. U. per lb. taken as 970. 




( RITU AL \ RLCX ITY IS PIPE 
TABLE 3 

Hlopji 6 lii€tkei$ in Ten Feet 
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It IS interesliiiR to comparr the critical \eIociTy found in the 
pipe as shown in table 3 with the values for the valve In table 2. 
These values compare as consistently as could be expected consid- 
triiiA tlie slight difference in slze( for it will 'be noted from both 
tables that the critical velocity increases slightly with the pipe size 
within certain limits). 

In order to further check the evidence that the critical velocity 
is determined by the smallest area in the line, tests were run on a 
one inch i)ipe with a three-fourths inch orifice in a thin metal plate 
inserted in the line. 

Tests were also run on a one inch pipe with a three-fourths; 
inch valve. The results of these tests are shown in table 4. 

A comparison of these values shows that altliough the critica/ 
velocity in the line is governed by its smallest cross-sections, if this: 
smallest section is an orifice or valve opening, it does not have quite 
as much effect on the critical velocity as a longer section would 
have. 


llKSriiTS * 

The results of these o*bservations may be summarized as follows: 

A. The critical velocity of steam in a one pipe heating system 
is independent of pressure within ordinary heating ranges 

B. The critical velocity increases slightly with an increase^ in 
pipe size. This increase is greater in smaller pipe sizes and becomes; 
practically negligible in sizes larger than 1 indues. This is shown 
from values given in table 3 and velocities thru valves in table 2. 

C. Referring to taible 2, it will be seen that the critical velocity 
increases with an increase in slope up to 1% inches in 10 feet. 
For greater slopes than this the critical velocity shows practically 
no increase. For vertical risers the velocity even shows a slight 
decrease from that of the 1% inch slope. (See figure 3.) 

D. The standard valves as used in heating practice have an 
actual throat area smaller than the actual area of the pipe of the 
same nominal size. As a result of this condition the capacity of 
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the runout is limited by the valve. Data showing this comparison 
with an explanation are given in table 5. 


E. As long as the critical velocit>^ is exceeded in the runout, 
fhe amount of water held up in the radiator will continue to increase 
even though a considerable head is produced. By tests it was found 
that by exceeding the critical velocity for a sufficient time the 
radiator tends to fill with water. In connection with this, one test 
was run during which the critical velocity was greatly exceeded. 
The radiator completely filled with water and. in this condition, 
even though the flow of steam was practically reduced to zero, the 
entire head was maintained with no return in the pipe whatever. 
This condition shows what happens if a pipe is gi*eatly overloaded 
with radiation in a one pipe heating system. If a pipe is slightly 
overloaded with radiation (that is, if the critical velocity is slightly 
exceeded) the returns become intermittent, and noisy operation 
may result. 

F. With regard to the conditions that exist when steam is 
turned into a cold radiator, some interesting results were obtained. 
Steam was turned into a cold radiator which was of proper size to 
give critical velocities in the pipe under normal running conditions 
at the existing room temperature. A standard air valve was use<i. 
The test was run until the entire radiator became hot, at the end 
of which time the condensation was weighed. Careful observation 
during the test showed that except for the first rush of steam, the 
critical velocity was not exceeded, and no condensate was being 
held up in the radiator at the end of the warming-up period. This 
test shows that in so far as fhe heating of the rmliator itself is con- 
cerned, no difficulty may be expected due to excessive velocities. 

PRACTICAL APPIilCATIOX 

The practical applications of these observations briefly stated 

are: 


As to pipe size: 

A. Where noise is objectionable the critical velocity must not 
be exceeded at any time. 


14 



B. Where a certain ainounl of noise during the heat ng up 
period of the room is allowable the critical velocity might be exceeded 
slightly and sizes chosen for the uoriiial heating conditions. Great 
care must be exercised If the latter method is used or unsatisfactory 
results will follow. 

Experiments have shown that the heat emitted by a radiator 
increases about 6 per cent lor each 10 degree decrease in room 
temperature from 70 degrees Fahr. As a result of this increase if 
the pipe size is chosen so as to give approximate critical velocity 
under normal room temperatures, the critical velocity will be ex- 
ceeded during the heating up period of the and a noise may 

result. To eliminate this condition, if it is objectionable, the pipe 
size should be chosen to conform to maximum requirements during 
the heating up period of room. The following example will illus- 
trate this condition: 

Considering a 1% inch pipe with a slope of 1 ^ Inches in 10 
leet, the critical velocity was found to be 1552 ft. per minute which 
corresponds to a transmission of 57 5 B. T. U. per minute or 34,500 
B. T. U. per hour. Assuming conditions such that 250 B. T. U. 
are radiated per square foot per hour with a room temperature of 
70 degrees, it Is found that 138 square feet of radiation would be 
allowable on the above pipe. If, however, the room temperature is 
dropped to 40 degrees Fahr., the radiation will now be Increased 
6 per cent for each 1 0 degree difference or 1 8 per cent for the total 
increase. This increases our radiation per square foot from 250 to 
295 B. T. U. per hour which would give only 117 square feet of 
radiation allowable on the I hi inch pipe as compared with the 138 
square feet calculated for a room temperature of 70 degrees Fahr. 

C. Since a pipe with the same nominal size valve is limited 
by the valve one method of working a pipe to its limit is to install 
a valve one size larger than the pipe. 

The following table might be profitably studied in connection 
with the design of a one pipe heating system. 
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TABliE 5 

Slope Inches in 10 Feet or More. 


standard Pipe 
With thf 
Same Size 
Valve 

Maximum 

B. T. U. 
i Per 

Minute 

Standard Pipe 
With One 
Size Larger 
Valve 

Maximum 

B. T. U. 

Per 

Minute 

Gain By 
Larger 
Valve 


136 


164 

20.6% 

1 " 

330 

1 " 

389 

17.9% 

1^4" 

575 

1^4" 

730 

27.0%'“ 


836 


1000 

19.6% 

2 " 

1485 

2" pipe 1 

1519 I 

2.3% 

tt 


no valve 

i 

I 


♦This apparent excessive increase is due to the fact that a 1 ^4 
inch pipe is 10 per cent larger in diameter than the nominal size. 


The above table shows that a substantial increase in capacity 
is obtained by using a valve one size larger than the nominal 
pipe size. 

As to slope — It is apparent that with certain types of building 
construction very flat slopes for horizontal runouts are hard to 
avoid. Since the critical velocity drops very rapidly with a slope 
less than one inch in 10 feet, flatter slopes should be avoided if 
possible. A lower limit might reasonably be placed at one-half 
inch in 10 feet. No advantage seems to be gained by using slopes 
greater than 1% inches in 30 feet. 


Comparison of Effect of Slope on Capacity of 1 H Inch Pipe 


Slope in 10 Feet 

Maximum B. T U. Per Min. 

% inch 

448 

1^ inch 

675 

6 inch 

566 

12 inch 

684 

Vertical 

528 


In comparing the effects of slope on the capacity of a runout, 
it is here shown that an increase in slope from % inch to 
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inches In 10 feet gives an Increase in capacity of 28.3 per cent. From 
this point on, no apparent gain is shown by increasing the slope. This 
is shown to be true, independent of pipe size. 

Since the value of any research problem is ultimately determined 
by its practical application, it is hoped that the above statements 
together with the accompanying curves will prove to be of some value 
to persons dealing with any problems where counter-flowing conden- 
sate must be expected. 
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INTRODUCTION 


Increased production of apples and consequent keener competi- 
tion for good markets has served to put the grower in need of im- 
proved storage facilities for his crop. The ideal storage is conceded 
to be a first class warehouse equipped with a refrigerating plant. 
This is too expensive for the average small grower to own and 
operate. On the other hand, the increased profit due to holding his 
crop in some central cold storage plant, is frequently more than 
offset by the storage rental he must pay. 

Consequently, the need has arisen for a cheap and simple means 
by which the individual grower can store his crop in his own ware- 
house and preserve it until such time as he can ship at a profit. It 
is especially important to precool the summer and early fall varieties 
such as Jonathan, Delicious, etc., as soon as picked. Many growers 
and. fruit men are realizing the importance of early and rapid cooling 
in keeping up the quality of their product until it can be marketed. 

At the earnest solicitation of apple growers who are also members 
of the Washington State Horticultural Association, members of the 
Staff of the Engineering Experiment Station, in cooperation with the 
Department of Horticulture of the State College of Washington, set 
about to collect information on the subject of cooling common storage 
houses. Refrigerating plants have already been carefully studied 
and are known to be the most effective means of cooling fruit, but 
their high first cost makes them prohibitive to the small grower. 
Therefore, they cannot be considered in this work. 

The most promising method next available was the use of power 
fans for delivering cool air to the house at night. There seemed 
to have been very little information available on the successful 
application of fans to this work. In fact, several such installations 
were reported unsuccessful as far as cooling was concerned. 

For this reason, experiments were made in which a fan was in- 
stalled and temperature observations made of the possible tempera- 
ture reductions which could be accomplished. Through the courtesy 
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of Col. Paul H. Weyrauch, then President of the Washington State 
Horticultural Association, a temporary installation was made and 
tests run in the Blalock Fruit and Produce Company's warehouse at 
Walla Walla. In co-operation with PrOfesior O. M. Morris, of the 
Department of Horticulture of the. State College, a fan was installed 
in part of the apple storage on the State College Campus, and records 
made of the temperatures prevailing with and without the use of a 
fan. The\ suggestions and seryices of Professor Morris were invalu- 
able in carrying out this work. 

Since these investigations were begun we have learned of two 
or three growers and companies who have installed fans in the manner 
suggested, and we have endeavored to secure and incorporate such 
data from them as would be of use to the apple growers of the State. 

Therefore, we believe the work along this line is Justified be- 
cause it seems of very great value to the grower, and thus far, has 
not been collected and organised for his use. 
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THE USE OF POWER FANS FOR 
NIGHT COOLING OF COMMON 
STORAGE HOUSES 


If the apple crop of the United States could be marketed at a 
good price within a few days after it was picked in the fall, then 
the growers would need packing houses only, and a report of in- 
vestigations of methods of cooling common storage would be un- 
necessary. However, past experience has demonstrated that there is 
sometimes an advantage to the small grower in being able to hold 
his apples in storage for better markets, which usually occur during 
the late winter or early spring. The two main objections to deferred 
marketing arise: first, from the expense of storing in central re- 
frigerated warehouses; and second, from the large losses sustained 
by the grower who attempts to hold his crop in his own common 
storage house. 

In the handling of those early fall apples which are not to be 
stored it is not uncommon for marketing to be delayed several weeks 
or even a month or more after picking. If the apples are allowed to 
retain their heat during this normal and necessary lapse of time, 
the ripening proceeds so rapidly that heavy losses are certain to 
follow. Also, the further the ripening process progresses, the less 
effective is any amount of cooling. 


*We wish to express our appreciation of the generous suggestions and assistance 
given us in the preparation of this work by Mr. J. L. Dumas and Mr. Loren P. 
Dumas of Dayton, Washington; the Peshastin Fruit and Produce (Do., of 
Peshastin, Washington; and Mr. C. L. Robinson, Secretary of the Washington 
Horticultural Association, of Olympia, Washington. We wish especially to 
mention the fine assistance and co-op<eration of Col. Paul H. Weyrauch, Pre- 
sident of the Blalock Fruit and Produce Company, of Walla Walla, in fun^ishing 
equipment and in Conducting cooling tests at his warehouse. 

We wish also to thank Professor 0. M Morris of the Department of Horticul- 
ture of the State College for his co-operation in making storage tests, and for 
his helpful suggestions in the preparation of this manuscript. 
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Effect of Hlg^ Tempmitiiree on Rate of Ripening 

Horticulturally speaking, an apple continues to rtpen after it is 
picked until the cell structure undergoes a change known as rot, 
making the fruit totally unfit for use. Even less advanced stages of 
ripening make the apple less desirable for eating. Therefore, it is 
highly important to retard this ripening as much as possible im- 
mediately after picking and to, continue to retard the process until 
the apple is used. According to investigations of the United States 
Department of Agriculture, and of others, the keeping quality of the 
apple at different temperatures is closely related to the amount of 
respiration taking place; that is, the rate at which carbon dioxide 
is given off. Assuming the rate of respiration at 32" to be 100%, 
the rate at 35® is 150%, at 65® the rate is 700 to 800% and at 80® — 
a common temperature at which early fall apples are picked — ^the 
rate is 1600 to 1800%. Since this respiration may be taken as an 
indication of the rate of ripening, it can be seen how important it 
is to reduce the temperature of the fruit as soon as possible after it 
is picked. 

An apple kept at 90® will ripen to the point of damage for use 
in approximately one week. If maintained •at 32® and other conditions 



are favorable, the same apple may be successfully stored for from 
five to nine months. For the purpose of illustration, we will assume 
the life in 32** storage to be nine months, or 36 weeks. Then using 
the rate of ripening shown in Fig. 1 as a basis, we can show the life 
expectancy of an apple at different temperatures approximately as 
in mg. 2. 



O JmtcAs /O wee As /JwecAs S:OweeMs weeks ^oweehs 35 

^robob^e Ufe af on ffpp/e in WeeH6 

The Necessity for Immediate and Rapid €k>oling 


From these two illustrations will be seen the importance of 
quickly cooling an apple immediately after it is picked. It is often 
possible to secure considerable reduction of temperature by leaving 
the fruit in the field boxes out in the orchard over night. Then 
haul them into the storage house early in the morning before the 
sun warms them up again. This may require additional hauling 
facilities for part of the day, but a number of growers have added 
such equipment and find it pays. 

As an illustration of the importance of immediate ccoling: Fruit 
is to be stored for five months. It is picked, and put into the ware- 
house at 70®. Due to the prevailing outside temperatures, the fruit 
will cool but very little in storage for the next thirty days, unless 
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lowered by some special mechanical means. In a little over a month, 
this fruit has reached the end of its storage life, and must be placed 
on the market and consumed at once, or suffer loss. Consequently, 
it will be useless to place the fruit in cold storage at this late time. 

On the other hand, if the same fruit had been cooled immediately 
to 40° and held at that temperature, the storage life would have 
extended approximately to the end of the five-month period, at 
which time it could be placed on the more favorable market prevail- 
ing in the early spring. 

Hefrigerated Storage and Common Air-Cooled Storage 

Refrigerated storage is the ideal storage. However, the refrig- 
erating machinery for a warehouse built. to care for the crop of a 
ten- or twenty-acre orchard will cost $3,600 to $7,000 installed, 
not including insulation for the refrigerated rcoin. This cost, in 
most cases, is not justified 'by the increased returns possible to the 
small grower, since the plant will be in use but a small part of the 
year. » 

The alternative, therefore, for the average grower, is to cool 
his apples as quickly as possible by taking advantage of the reduced 
air temperatures which occur at night, during the picking season. 

Fig. 3 shows the monthly average of the daily maximum and 
daily minimum temperatures prevailing in the year 1922 in several 
representative cities in the apple growing districts of Washington. 
The maximum temperatures occur in the daytime and the minimum 
at night. It will be noted that during the apple picking season, 
September 15 to November 1st, the difference between maximum 
and minimum is at least 25 degrees. Often the daily difference Is 
considerably more than this. 

The average temperature of apples when picked in September is 
probably somewhere around 70 degrees. Many times it is much 
greater than this. If the apples are stored immediately in a common 
storage warehouse, the natural circulation of the air will carry away 
the heat very slowly, because only for a few hours during the night 
is the air temperature very much lower than 70°. 
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Fig. 4 shows a chart of the outside air temperature and the 
temperature of the stored apples in a small common storage. The 
movement of the air depends entirely upon natural circuUtion, coming 
in through windows and going out through a restricted roof ventilat- 
or. It will be noted that the temperature of the apples remained well 
above the miilimum outside temperature of the air. Obviously, if 
the lower outside temperature prevailed long enough, the apples 
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temp or outside air 


themselves would ultimately reach a lower temperature, but a large 
lot of apples would cool still more slowly than is shown here for this 
small lot In the meantime, however, they would continue to ripen 
at a very rapid rate. 

Fig. 5 represents outside air temperatures and apple tempera* 
tures in the same storage house ventilated by a power fan. A small 
lot of apples at a temperature of 58® was placed on a false floor under 
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which the air from the fan was being delivered. This air was forced 
upward through the apples in the boxes and escaped through the 
roof ventilator. Due to the comparatively large volume of air used 
on the small 16t of apples and the care used to make the air all go 
through the boxes* the initial cooling was accomplished in a remark- 
ably short time. After the initial cooling* it will be noted that the 
temperature of the apples holds approximately to an average between 
the maximum and minimum outside air temperature. Comparing 
Fig. 6 roughly with Fig. 4. it will be seen that with approximately 
the same average air temperature* with the aid of the fan* the 
temperature of the apples is maintained some ten degrees lower. 

This temperature reduction* we have found* in other tests can 
ultimately be carried down to within 4 or 5 degrees of the minimum 
temperature of the air being used.’ 

Correct Installation of Fan is Necessary for Success 

A number of attempts have been made to use a fan for ven- 
tilating storage houses* where the air was discharged into the room 
at one end of the building and allowed to vent at the other end of 
the room. This cools the air in the room and those apples on top 
of the stack. However, the temperature of the apples in the boxes 
inside the stack are affected very little. Consequently the use of 
the fan in this manner has not improved the condition of any but a 
few of the outside apples* and therefore has been pronounced a 
failure. 

It is important that the air be brought into intimate contact with 
the apples, and the best method yet developed to do this is to apply 
the air under a false floor and force it up through the boxes stacked 
thereon. The most succesful plan is to install a power driven fan of 
ample capacity to deliver cold night air under the false floor of the 
common storage house. The apple boxes are stacked closely to cover 
the entire floor. If only part of the floor is used for storage some 
provision must be made to restrict the air to this part, otherwise 
most of the air will escape through the floor cracks not covered and 
not be forced through the apples at all. For this purpose the space 
between the false floor and the sub-floor may well be divided into 
several sections by partitions* and the discharge duct arranged to 
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deliver air only Into those ’aactlona' which ^are<40[vered^ 'with ^ boxea? 
If the air Is free to discharge eith^ through the ‘boxes or through 
uncovered cracks in the floor, the major part, of . course; will follow 
the easiest path of escape through the uncovered floor, doing no> 
good whatever. The discharge of the air after passing through the 
apples inay take place through the vents in the roof, and also through 
doors, windows, etc. » 

Large Quantities of Air Necessary for Cooling 

The amount of air required to accomplish a reduction of tem- 
perature of one degree for a quantity of apples is very large. Fer 
instance, to cool one pound of water one degree we must take from 
the water a unit of heat known as one British Thermal Unit. In 
order to accomplish the same amount of cooling with air, we must 
reduce 55 cu. ft. of air one degree F. The pound of water can be 
contained in a box measuring approximately 3 Inches on a side, while 
55 cu. ft. of air at atmospheric pressure will fill a box measuring 
3% ft. on a side. This is to emphasize the idea that a very large 
volume of air is necessary to reduce the temperature of a box of 
apples from 70® to 40®. The heat capacity of a pound of apples is 
less than that of a pound of water, being approximately .95 where 
the heat capacity of water is 1.00. Therefore, in cooling a pound of 
apples 30® or from, say 70® to 40®, the number of British Thermal 
Units of heat which must be carried away by the air would be 
30 X. 96=28. 50. To carry away this amount of heat would require 
28.60 X 56=1567.5 cu. ft. of air to be changed one degree in tem- 
perature, or 783.7 cu. ft. changed two degrees, etc. 

If a box of apples weighs approximately 40 pounds, then 10,000 
boxes would weigh 400,000 pounds; and to cool this amount of 
apples 30 degees would require 627,000,000 cu. ft. of air if the air 
be raised only one degree in temperature. We will assume, for 
example, that the air in passing through the apples, is raised an average 
of 4®. The amount of air required then will be % of 627,000,000 
or 156,750,000 cu. ft. If a fan is installed which delivers 20,000 
cu. ft. of air per minute, and the outside air temperatures are stch 
that cooling can be accomplished only during ID hours of each night* 
the amount of air handled per night will be 12,000,000 cu, ft.. Then 
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the time required to handle the totdl amount ot air necessary to cool 
the above lot of apples will tie 156,7 50, 000-M2, 000, 000=1 3 nights. 

During this time tlxer^ will undoubtedly be a slight warming up 
each day due to the higher temperature prevailing in the middle of 
the daytime, but this is very small when the quantity of fruit is 
large. Also the night time temperatures will not be uniformly low — 
some nights perhaps being loo warm for the fan to be operated at 
all, and other nights being even cooler than the average. Therefore, 
it is evident that the number of nights necessary to accomplish the 
required cooling might easily exceed the above stated number. 

It will also be true that when very warm apples are brought 
in from the orchard e,nd stored immediately in a fan cooled house, 
the air forced through them the first night will be raised several 
degrees in temperature, so that a comparatively small amount of air 
will effect a great amount of cooling. This is fortunate and desir- 
able as shown in Fig. 1 and Fig. 2, since it is highly important to 
secure a large and rapid initial cooling to check the ripening pro- 
cess as soon and as much as possible. This rapid cooling when the 
apples are warm is shown in Fig. 5. 

Small Window Fans Not Effective 

The above figures will show the futility of attempting to ac- 
complish any material cooling of a storage house full of boxed apples 
by the use of a propeller or similar type of fan in a window or opening 
at one end of the building. Great quantities of air must be blown 
through the boxes and this can best be accomplished by delivering 
the air under a false floor and forcing it up through the closely 
stacked boxes. After it has passed through the boxes it is immaterial 
whether it escapes from the building through the doors and windows 
or through a roof ventilator. 

Roof Fans Not Entirely Satisfactory^ 

The objection to placing a suction fan in the roof ventilator and 
depending upon this to move the air is that great care must be used 
in keeping doors and windows closed and cracks and leaks well 
sealed. The air entering a door or window will not pass through 
the boxes, but over them and out through the roof fan, doing no 
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good in cooling any but the very outside of the stack* ; With the air 
discharged under the apples it can be so handled that the only escape 
is up through them» and in passing through* the work of cooling is 
done* making the method of final escape of the air immaterial. 

A power fan installation such as we have suggested above is 
in present use at Peshastin* Washington. A room 190x80x10* hold- 
ing about 60,000 boxes* uses an 8 horsepower fan* delivering 20*000 
cu. ft. of air per minute. This gives about 8 air changes per hour 
when the room is empty of fruit. However* when filled with boxed 
fruit* the air space remaining would be only approximately % the 
volume of the entire room. This would give one air change about 
every two minutes. Although no accurate record was kept of the 
temperatures obtained* the management of the Peshastin plant reports 
that the use of the fan was highly satisfactory. 

On a small scale test made at the State College on 27 boxes 
closely stacked three deep on a slatted floor, a fan was used which 
delivered 240 cu. ft. of air per minute. In eleven hours of operation* 
this fan reduced the temperature of 1080 lbs. of apples from 58 to 
42®* or 16®, removing 16*420 BTU. The amount of air delivered In 
eleven hours was 158,000 cu. ft. On ari average therefore, each 
BTU of heat was carried away by 9.7 cu. ft. of air, which in passing 
through the apples* was raised in temperature 5.7®. The ailr tem- 
perature during this time ranged from 45® down to 35® F. 

Air May Be Humidified 

Where the fruit shows a tendency to wilt due to very low 
humidity* the moisture content of the air can be increased by direct- 
ing a continuous fine spray into the draft from the fan. Or, where 
desirable* the floor under the false floor may be covered with water 
which will be evaporated by the air passing over it. Another method 
of adding moisture to the air is to direct the air from the fan over 
baffles of burlap kept wet continuously. The evaporation of the 
water in the air draft has the additional advantage of lowering the 
air temperature before it strikes the apples. 

Ample Size Fans Most Efficient and Effective 

It is easily recognized that the slower the movement of air 
through the boxes, the more nearly will its temperature be raised to 


16 



the temperature of the apples, but it will not carry away a large 
amount of heat because only a small Quantity of air is used. If the 
air passes through with greater velocity, it will take up nearly the 
same amount of heat per cu. ft. and the larger volume will accomplish 
a larger amount of cooling. The rapid air movement will accomplish 
rapid cooling but will require a larger and more expensive fan and 
motor. Rapid cooling is valuable since it makes it possible to take 
fuller advantage of a night that is cooler than the average. The 
proper solution therefore, is to use a sixe of fan which will accomplish 
a reasonably rapid cooling and still not be too high in first cost or in 
operation. The grower must judge of the value of rapid cooling of 
his crop and then choose a fan accordingly. 

Any type of fan of sufficient capacity may be used for cooling 
common storage. However, there is a great deal of difference in 
the amount of power needed to drive different kinds of fans of the 
same capacity. It is cheaper in the end to pay a little more at first 
for an efficient fan and then use a smaller motor and operate at a 
lower power consumption, than to buy a cheaper fan and pay larger 
power bills. The most efficient kind of a fan for this work is the 
multivane type in which the runner is equipped with a large number 
of carefully shaped blades. The cheaper and less efficient type of 
fan has four or six large blades and is known as the plate type. 

Since operating cost is more important than first cost, reference 
to Table 1 will show the desirability of buying a large fan. The 
larger the fan within proper limits and the slower the speed, the 
smaller will be the motor required to deliver a given quantity of air. 
The underscored data show the amount of air delivered by different 
sized fans using approximately 2 H.P. The table shown is based on 
one half inch water pressure, however, the actual working pressure 
of any installation will depend upon the volume of air delivered, the 
size of the ducts leading under the false floor^ the area of the floor, 
and the number of boxes and method of stacking same, and the 
area of the exhaust vents. The following is an illustration of the 
use of the table. 

Example: What power will be required to deliver approximately 
1S,000 Cubic Feet of air per Minute at one half inch water pressure, 
or .289 oz. gage pressure per sq. in.? 
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j vSolUtibht From table 1, a No* 6 fau, will r^<yuire i?,H.P, to 
deliver 13,000 C. F.M.; aNo. S tan wlU require 3.76 H.P. to deliver 
andr a No- 10 fan will-require .2.2.5- K[.P. to delirer 

16,900 C.F.M. 

r In considering the purchase of ar-tan for cooling a storage house, 
full data on si^ of house, quantity of apples handled, kind of 
power available, and other local conditions, should first be determin- 
ed. If the building is already equipped with a false floor, the ap- 
plication of, forced ventilation will be simple. The building itself 
should be as well insulated as for common storage. As stated above, 
the fan selected should be of ample capacity. The Engineering Ex- 
periment Station of the State College will be glad to offer recommend- 
ations as to size, type and kind of fan installation suitable for those 
who wish to convert their present warehouse or common storage. 

Without specific information, the cost of a fan installation for 
any particular warehouse can only be approximated. If the house is 
built according to the plan of the common storage house recommended 
by the U. S. Department of Agriculture, no alteration of the building 
will be necessary. A fan installed just outside .the building may dis- 
charge under the false floor. If located inside the building, the 
supply may be taken in through a window or special opening, and 
discharged under the floor. Or, the fan may be installed in another 
building and the air conveyed to the storage building through a 
proper sized duct. This is not recommended ordinarily because of 
the losses by friction in the pipe. 

Ample Air Vents are Important 

Ample provision should be made for the air to escape from the 
building after it has passed through the boxed apples. This may be 
through one or more roof ventilators or through a number of doors 
and windows. If 20,000 cu. ft. of air is delivered to a room every 
minute and forced to escape from that room through a roof ventilator 
2 ft. square, the velocity of the air through the ventilator would be 
6,000 ft, per minute or almost 60 miles per hour. It is a needless 
waste of power to require such a high velocity of the discharged air. 
Furthermore, this waste of power will materially reduce the volume 
capacity of the fan, and therefore lower its cooling efficiency. The 
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total area of all air ducts, ventilators and air exits should be several 
times the area of the discharge opening of the fan itself. 
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Orchard Cooling Very Effective 

Fig. 6 shows the reduction of temperature it is possible to 
secure by leaving apples in the orchard over night and hauling to 
the warehouse in the early morning. If hauled during the time 
between 4 and 8:00 am. the temperature will be from 25 to 35® 
lower than if hauled during the afternoon. Such a method of handling 
will require an expenditure for additional help with perhaps a slight 
increase in wages. However, the cost of thus lowering the temp- 
erature of the apples approximately 20 degrees in one night will 
amount to only a fraction of a cent per box, as against the fact a 
fan installation will require several nights to accomplish the same 
cooling at a slightly greater cost. 

Apples picked and orchard cooled in early October and stored 
can be still further cooled by a fan installation, particularly since the 
nights get cooler very rapidly as shown in Fig. 3. 

Orchard cooling is of primary importance and should be practic- 
ed by every grower whether he owns and manages his own warehouse, 
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or hauls direct to a central co-operative house, and even t hough 
means for further cooling are used. 

Pig. 7 shows the results of a test made in cooling apph s with a 
fan after being brought into the warehouse. Since the he use was open 
all day, and not Insulated for common storage, the reduced tempera- 
ture could not be retained after it was once secured. Consequently, 
but one night's performance is shown. 
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Paijer Wrappers Hinder Cooling 

It is very important to cool the apples as much as possible before 
they are wrapped in paper and packed. Paper is a fairly good heat 
insulator, and furthermore, its presence around the apple prevents 
free circulation of the air in and through the boxes. Consequently, 
paper wrapped and packed apples will be much more difficult to cool 
either in common storage or by forced ventilation, than loose apples 
in market boxes. 

Fig. 8 illustrates the general scheme cf a warehouse equipped 
for forced ventilation. The house should be insulated. This may 
be done cheaply by filling between the inner and outer board walls 
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with kiln dried planner-shavings, well tamped in place. Both the 
inner and outer walls should include a layer of tar paper to prevent 
the entrance of moisture into the insulation. 

Note should be taken of the plan to restrict the air under the 
false floor to the section covered with boxes. This is important as 
air leaks greatly reduce the effectiveness of the fan. 
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RBCAPITUIiATION 


Warm apples ripen very rapidly; over-ripe apples are not good 
sellers, therefore they are not profitable. 

It is important to cool apples as rapidly as possible after picking, 
first by orcliard cooling over night, and then by warehouse cooling, 
with forced ventilation at night. 

Large lots of apples in common storage are **protected’* against 
proper cooling Just as they are against freezing by the thick walls and 
lack of sufficient ventilation. 

tk>ld storage is the ideal, but is limited to comparatively few 
because of the large first cost. 

The small grower can Improve his common storage by the use 
of cold night air with an equipment costing less than 1/10 the 
cost of a refrigerating plant — and thus prolong the storage life of 
his fruit for better markets. 

Actual tests prove the practical results obtainable with fan 
cooling in maintaining low storage temperatures. 

Multivaiie type of fan is most efficient to use, and may be located 
inside or outside tlie building. It will be cheapest in the end to use 
a fan of ample dimensions, requiring smaller motor and sm iller poww 
cost to operate. 

The benefits from using forced ventilation in <H>oling apple 
storage should apply equally well to the cooling of other kinds of 
fruit and vegetables. 
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The ENGINEERING EXPERIMENT STATION of the State Col- 
lege of Washington was established on the authority of the act passed 
by the first Legislature of the State of Washington, March 28, 1890, 
which established a “State Agricultural College and School of Sci- 
ence," and instructed its commission “to fiiither the application of 
the principles of physical science to industrial pursuits.” The spirit 
of this act has boon followed out for many years by the Engineerinii 
Staff, which has carried on experimental investigations and published 
the results in the form of bulletins. The first adoption of a definite 
program in Engineering research, with an appropriation for its main- 
tenance, was made by the Board of Regents, June 21st, 1911. This 
was followed by later appropriations. In April, 1919, this depart- 
ment was officially designated. Engineering Experiment Station. 

The scope of the Engineering Expei’iment Station covers research 
in engineering problems of general interest to the citizens of the 
Stat(‘ of Washington. The work of the station is made available 
to the public through technical reports, popular bulletins, and public 
service. The last named includes tests and analyses of coal, tests 
and analyses of road materials, testing of commercial steam pipe 
coverings, calibration of electrical instruments, testing of hydraulic 
machinery, testing of small engines and motors, consultation with 
regard to theory and design of experimental apparatus, preliminary 
advice to inventors, etc. 

Requests for copies of the engineering bulletins and inquiries 
for information on engineering and industrial problems should be 
addressed to The Engineering Experiment Station. State College of 
Washington, Pullman, Washington. 

The control of the Engineering Experiment Station Is vested in 
the Board of Regents of the State College of Washington. 
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UNIVERSAL 

LABORATORY STANDARD METER 


Introduction 

The instrument herein described was designed and built with 
thf* following purposes in view: 

1. To serve as a laboratory standard for use in calibrating port- 
able insti'uiiients, more particularly of the alternating current class 
which cannot be checked directly with the ordinary direct current 
potentiometer. 

2. To develop a type of instrument in which full advantage is 
taken of the conditions resulting from abandoning portability and 
mounting the instrument permanently on a solid support. 

Comparing the proposed type of standard instrument with the 
semi-portable types now available, it appears that the stationary 
type nuKst depend for its calibration on a check against a semi-port- 
ahl(» standard, or be so designed as to permit calibration with direct 
current and potentiometer. The semi-portable type on the other 
hand, may be calibrated in some other laboratory but if so, it must 
hold its adjustment unchanged while being transported. 

It has been found in this study that the stationary type of in- 
sirument can be so designed as to have the following points in its 
favor 10 offset the loss of portability: 

1. Freedom from pivots, pivot friction ,and pivot shift. 

2. Freedom from springs and variations in elasticity. 

3. Less needed torque on the moving element to insure accur- 
acy, permitting less current and therefore more resistance in the 
circuit of the moving element. 

4. Removal of limitations on the pointer and scale that can 
be used, through the possibility of using a suitable optical system. 
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5. Simplified construction and therefore lessened cost. 

6. Removal of weight limitations in construction. 

7. May be made astatic without serious disadvantage. 

The instrument here described as necessarily fixed in position 
can easily be shipped ready for installation but is not intended to 
be easily moved about in the laboratory. It will usually be cali- 
brated with a direct current potentiometer after installation though 
there is no reason why it should not hold its calibration closely 
while being shipped. 

31aftiietic Balancing 

The moving element consists of two coils connect in series 
and placed in the same vertical plane, one above the other with their 
magnetic axes 180° apart. With this arrangement, any positive ro- 
tating torque of one coil due to the earth's field or any stray field 
will be balanced by an equal negative torque of the other coil. When 
first erected and tried out, it was found that current in the moving 
element, actually did cause rotation ' This was found to result from 
one coil embracing more magnetic area than the other, and was 
remedied by compressing, or narrowing one coil slightly until mag- 
netic balance was secured. 

Optical System 

To the moving element was attached a small high quality front 
surface plane mirror. The scale was placed above and practically 
in the plane of the front of the instrument and with a radius of 
curvature equal to 1.6 times the distance to the suspended mirror. 
This curvature gives a straight line relation between deflecting 
force and scale readings. Just in front of this mirror, another front 
surface mirror was located at an angle of 4 5° for the purpose of 
deflecting the light from the scale into the first mirror. The scale 
was located 196.5 centimeters above the center of the suspended 
mirror, and was illumined by shielded lights. The angle mirror is 
7 centimeters from the suspended mirror. A high grade galvan- 
ometer telescope was set up to receive the scale reflection from the 
suspended mirror. With this system, the effective length of the 
optical pointer arm of the instrument is 2(196. 5-(-7) = 407 centi- 
meters, while the total distance from the telescope to scale is only 
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about 213 centimeters. The length of the scale is 50 centimeters. 
The angle of rotation of the moving element for full scale deflection 
is represented by the angle measured by an arc of 50 centimeters 
at a radius of 407 centimeters. This gives full scale deflection with 
an angular deflection of only: 

The scale is divided into millimeter divisions and deflections 
can 'be estimated to tenths of millimeters, thus making it possible 
to read accurately to one part in 5000, or to two one-hundredths 
of one per cent of full scale. 


Suspension System 

The single wire suspension is the simplest and most common 
type in use for galvanometers. The restoring couple is a direct 
function of the characteristics of the suspending wire, as follows: 


F 


$ E 


L 


Where 

F = The restoring moment of a single wire. 
0 == The angle of deflection in radians. 

L = The length of the suspension wire. 

wr^ 

2 — The polar moment of inertia. 

r = Radius of the wire. 

E = Modulus of elasticity of the wire. 


Since F and B are the only variables in the equation for a given 
suspension, this equation may also be written as follows: 


F - 

In this type of .suspension, the weight of the coil does not enter 
into the restoring moment. 

The single wire type of suspension, usually employing a flat- 
tened wire, is almost universal for galvanometer work where very 
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Tig. 1 shows the diagram of the circuits and the connections employed in the meter described. 



weak restoring forces are important and great stability of zero read- 
ing, and constancy of sensitiveness are not expected. For an instru- 
ment such as is here proposed, high sensitiveness as compared with 
a galvanometer is not needed, but constancy of zero and restoring 
force are vital. This suggests the bifilar type of suspension. 

The bifilar suspension system makes use of two similar wires 
or strips supported a given distance apart at the top and attached 
at separate points on the suspended coil. In this case, the restoring 
moment will be the sum of two separate moments. First, there 
will be the torsional moment of the suspension wires thennselves, 
which since there are two wires, will be: 


F* 2K$ 


Second, th(^re will be a restoring moment characteristic of the 
bifilar method of suspension which will be: 


Wg sin e 
4 

" , ' ' L-4 sinr« 

Where: 

Ft is the torsional restoring moment of the two wires. 
F|, is the restoring moment due to the bifilars. 
a is the distance between the bifilars. 

L IS the length of the bifilar wires. 

W is the mass, or the weight of the coil. 
e is the angle of deflection in radians 


If the angle e of deflection is small, the formula reduces to the 
following form: 


Fu 


Wga'-sin (9 
“4 L “ 


The total restoring force will then be the sum of the two 
separate forces, or: 


F = Ft + F, 


= 2 K6/ -f 


Wga*sin e 

4 L 



The following example will show the comparative value of the 
two restoring forces. The values given are approximately correct 
for this instrument. 

0 — .1222 radians, or 7 deg., max. deflection 
L = 40 cm. 

W = 20 gm. 
a = 1 cm. 

FOR SINGLE WIRE SUSPENSION 

The final suspension material adopted was phosphor bronze 
strip rolled from .0025 wire. 

Ft was found by experiment to be .0305 dyne-cm. per radian for 
one stiip, or .061 dyne>cm. for the two used. 

FOR BIPILAR SUSPENSION 

^ Wga^sin 0 
^ 4 I. 

„ 20 X 081 X 1 X .1210 
4 X 40 

14.9 dyne-cm. 

Then the combined restoring force exerted in the bi filar sus- 
pension will be: 

Ftoial 2F~|"P|, 

14.961 dyne-cm. at full scale deflection. 

It will be seen that the bifilar restoring force is 244 times that 
due to the two strips. This assures the positive return io zero which 
is necessary in an accurate direct reading instrument. 

Phase angle error as a wattmeter 

Since the deflecting force on a wattmeter pressure coil is ac- 
tually proportional to I^t of the stationary coil times I^uk of the 
suspended coil times the cosine of the phase angle between these 
two currents, we assume it to represent the power supplied to the 
circuit, or I«iE cos e. This means that if lags behind E by any 
appreciable angle, an error will appear in the readings. This error 
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is greatest in low power factors where a slight error in e causes 
an almost equally large error in cos e. Such an error is inherent 
in all wattmeters of this type and is due to the necessary inductance 
found in the suspended coil of the instrument. It is usually 
neglected in ordinary wattmeter readings, first; because the power 
factor is usually high, giving a small error, second; 'because the 
voltage is usually 110 or more, permitting a large non-inductive 
resistance in the pressure coil circuit, thus reducing the effect of 
the coil inductance. When used for readings of low power factor, 
or for low voltages or both, the error must be eliminated for work 
of any great accuracy. Examination of the relations involved shows 
that the error just discussed becomes greater for higher frequencies. 
Since the magnitude of the error depends upon the power factor of 
the load being measured, upon the frequency, and upon the voltage 
tap selected on the instrument, correction is not only tedious but 
it IS hard to be sure when correction is necessary. 

In view of the above considerations it becomes quite desirable 
that a laboratory standard wattmeter should be so compensated as 
to practically eliminate this error for all conditions. This can be 
accomplished if the current through the suspended coil can be 
brought into phase with the applied voltage for all voltages and 
frequencies. To neutralize inductance requires capacity and to get 
the needed increasing compensation with increasing frequency re- 
quires that capacity be used in parallel with resistance or impedance. 
Capacity in parallel with the coil of the wattmeter might bring the 
total current of the pressure coil circuit into phase with E but the 
coil itself would 'be still further out of phase with E, so that the 
remedy lies in shunting all or part of the series resistance of the 
pressure coil circuit with a condenser. The parallel circuit thus 
made will take one current Ir in phase with the voltage E' across 
it while the condenser branch will take a current I, 90* ahead of E'. 
Thus we have for this parallel circuit a total current leading E' by 
any angle we choose depending upon R and C. If w rr 2'7rf, the 
admittance of this parallel circuit will be as follows: 
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g+Jb= I 


+ JwC 


R 

1 + JwCR 


li 

z= T 

R 

= R~J wCR“-w*C*R*+Jw*C‘R*+w‘C^R“-Jw®C'R* etc. 

For a sufficiently small value of wC, terms beyond the second 
are negligible. For example, test showed the error of the wattmeter 
to be eliminated at 60 cycles and .12 power factor when a ,2 mf 
condenser was shunted across 54 ohms of the total series resistance. 
For these values, the parallel part of the circuit gives a calculated 
impedance of 

Z — R ~ JwCR= - w=CW + Jw»C’R^ + etc. 

= 54 - J.22 - .0008 + etc. 

Where the third and later terms of this series can be neg- 
lected, the total impedance of the pres8uj*e coil circuit can be written: 

Z = R. + JwL + R - JwCR= 

where R^ + JwL is the impedance of the moving coil of the wattmeter. 
Thus, if wCR* = wL, the current will be in phase as required and 
hold there for all frequencies except such as makte the third and 
later terms of the series given above become appreciable. Trial 
showed that the value of R could be set very accurately experiment- 
ally. The values calculated above indicate a value of .22 ohms 
for wL which checks with calculation. 

For the most exact compensation possible for all temperatures 
and fi'equencies, a good mica condenser should be used in which 
the variation of capacity will not exceed .3% for a variation of 
frequency from 10 to 1200 cycles, and will not exceed .03% per 
degree C. The advantage of careful compensation Is that after 
once being made, the instrument can be used freely for a wide 
range of low voltage, high frequency, and low power factor work 
where the wattmeter has not heretofore been easily applied. It will 
be noted that in this particular instrument the necessary resistance 
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in the pressure coil circuit is that of the coil and suspenion, 90 
ohms and the 54 ohms of the compensator. The total needed for 
use on llO volt circuits is 15400 ohms. So the minimum range of 
the compensated instrument is about 1 volt. 

Frequency error, 

The dynamometer type of instrument has an inherent error 
due to the increase in impedance with frequency in the pressure 
coil of a wattmeter, or in the entire winding of a voltmeter. Except 
for very low \oltage ranges, this error is entirely negligible since 
the resistances of these circuits are small compared with the resis- 
tances ordinarily included in them. It is interesting to note that 
the compensating device described above for eliminating the phase 
angle error will reverse the frequency error. 

Chamber error, 

All electrical instruments are likely to show some change in 
constants with change in the temperature of the instrument. The 
major cause is usually change of resistance of the copper conductors. 
This error may be expected when only a small amount of resistance 
is used in series with the pressure coil, or coils. 

Any wattmeter will give an incorrect reading as commonly used 
because, either the pressure coil measures the voltage across the 
load plus the voltage across the current coil, or the current coil 
measures the current used by the pressure coil. In the instrument 
here described, the pressure coil takes about .01 ampere and the 
current coil 5 amperes at full load. This would give l/5th of 1 % 
error at unity power factor, or 1 if the power factor were .2, or 
10% if the power factor is .2 and the load only ^ ampere. This 
error is easily cancelled by leading the pressure coil current through 
a stationary coil with the same number of turns as the main current 
coil but with the current flowing in the opposing direction. These 
correction turns must be placed close beside the main current coils. 
This precaution is more important when the current coil is wound 
for a low current range. In ordinary measurements which Involve 
large load current values, either with or without current trans- 
formers, this source of error becomes absurdly small. 
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Errors resulting from deflection. 

In any instrument in which one memfber rotates with respect 
to another in order to give the indications desired, two classes of 
errors are possible. First, the scale and pointer system by means 
of which readings are secured, will in general require the use of a 
correction curve, or the scale graduations may be placed in accord- 
ance with actual standardized readings. In the instrument here 
described the errors resulting from using an ordinary equidivision 
scale were made negligible by curving the scale to a radius equal to 
1 . 6 times the distance from the moving mirror to the center of the 
scale, (an old rule) and by so building and using the instrument as 
to keep the maximum deflection down to a small angle (7®) and by 
so placing the stationary coils of the instruments that the moving 
coil will move in a very uniform magnetic field. 

Second, when the coils of an electrodynamometer wattmeter 
are not at right angles an electro-motive force will be induced in 
the moving coil by the current (if a. c.) in the stationary coil. 
This emf. will be ninety degrees out of phase with the current 
which induces it but may cause an effect on the deflections unless 
the pressure coil circuit is non-conductlve. This error is always 
quite small when the pressure coil circuit has a large non-inductive 
resistance in series with it as is usually the case. It is to be noted 
that the compensation described above for phase angle error also 
eliminates the error here described. 

The sensitivity of an instrument of this type is determined 
first, by its ability to definitely respond to a small deflecting torque; 
and second, by the degree to which the observer can detect this 
response. 

The instrument herein described was so constructed that the 
weight of the suspended coil was very small. The bifilar type of 
suspension makes for reliability of return to zeroi, while sensitivity 
is obtained by long suspension, narrow separation, and light weight. 

The optical system, by which deflections were read, was con- 
structed to provide for an effective pointer of the greatest practical 
length. As constructed, it measured 407 centimeters long. The 
system employed was similar in principle to that used in the or- 
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dinary galvanometer. The scale measured 50 centimeters in length 
with millimeter sub-divisions and with the telescope used, these sub- 
divisions can be estimated to tenths of a millimeter. This makes 
it possible to read to one part in 5000, or 2/lOOths of 1 f/r of full 
scale. 

Due to the bifilar type of suspension used, the greatest relia- 
bility is obtained in that the imperfect elasticity of the metal of the 
suspension itself affects the restoring force but very little. Thus 
the instrument, once set on zero, will return definitely to zero after 
repeated full scale deflections. 

Mechanical design. 

The base of the Universal Transfer meter was constructed of 
marble, for the purpose of rigidity and freedom from warping. All 
the different parts were attached to this base This lype of con- 
struction makes a metal frame, or supports, unnecessary, thereby 
removing the possibility for errors due to eddy currents or stray 
fields present in instruments having such metal frames or cases 

The support for the uppeT end of the suspension wires was a 
marble block attached to the marble base of the instrument. To this 
block were secured the terminals to which the ends of the suspension 
wires were soldered, and through which electrical connection was 
made to the suspended coil. 

Each field coil, of which there were tour, was formed from 
\4 '' copper strip shaped into a rectangle and containing two complete 
tarns each. These coils were each supported in grooves cut in marble 
blocks and attached to the marble base. This affords a very rigid 
and permanent support for the field coils and at the same time 
provides the required insulation. The marble supports for the field 
coils are secured to the base without metal of any kind, thereby 
eliminating danger of eddy currents. The distance betw’een coils in 
each pair is made such as will insure a uniform magnetic field 
around the suspended coil. 

The moving element consists of two coils attached to a sup- 
porting frame in such a way that they lie in the same plane with 
their major axes coinciding with the axis about w^iich the element 
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rotates when deflected. The coils are of No. 33 D.S.C. magnet wire 
and are wound to contain 100 turns each. The supporting frame 
consists of a rectangular paper tube into which one end of each coil 
IS cemented. The terminals are attached to two wires which are 
fused to a glass spacer and to which are attached the suspension 
wires. The connection of the two coils in series is such that the 
Circuit represents a figure eight, the magnetic field of one being in 
opposition to the field of the other. 

To the frame of the moving coil system are attached two damp- 
ing wings, located in the plane of the coils and approximately 
on each side of tin* vertical axis. These damping wings, approxi- 
iiately 7k" in diameter, operate in air damping eups. Since the 
.uaxmuim angh' of deflection is not more than 7®, the damping cups 
are .straight c>lind(‘r.s. If the angle of deflection were greater, these 
•iip.'< would need to be toroidal in shape. 

The entire instrument is enclosed in a tight oak Case, having 
i plate glass front. This makes all the working parts visible. T^or 
'lerc^Hsibility. the ease is liingiHl to the nuirbl(' base. To this case 
Is attached the mirror for deflecting the imagi* of the scale into 
ilu .susp(‘nded imrror. Careful provision is madc^ for a special 
air-tight t>pe of joint between the case and the base, to prevent 
an draught. s trom disturbing the moving system within. 

It wnll be seen that the instnunent as described can be adapted 
for use as a voltmeter by replacing (he slatfonary field coils with 
utb(*r coils having a iiiiicb larger number of turns and connecting 
these in series with tlio moving coils In building an instrument 
for u.^e oiil> as a voltmeter the bifilar suspension should be made 
with a weaker restoring force, thus reducing the turns net^ded in 
the stationary coils. 

Fig. 2 shows the appearance of the complete instrument with 
the case opened so as to disclose the details of the interior. 

To use the instrument as an ammeter and insure correct readings 
on both A.C. and D.C. supply it is necessary to correct the current 
in the two paths to the same power factor. This was done in the 
case of the .instrument here described by connecting the moving coil 
system across a circuit made up of one half of the fixed coil system 
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in series with about a foot of No. 8 copper wire doubled back on 
itself so as to be non-conductive. The adjustment is made by find- 
ing: the arrangement that will make the instrument read the same 
for equal values of alternating and direct current. The equality of 
these two currents was determined by using a themocouple ammeter 
as a comparator. The high accuracy attained in the wattmeter and 
voltmeter can hardly be secured in the ammeter since it will be im- 
possible to avoid relative changes in temperature between the two 
parallel copper paths. Such changes result in reduced accuracy. 

Such an instrument as described affords certain superiorities 
over other types of electrical instruments now available due to a 
combination of all the following features: 

1. Freedom from pivot errors. 

U. Reliability of zero. 

3. High sensitivity. 

4. Freedom from errors due to stray fields. 

5. Compensation to provide accuracy between A.C. and D.C. 

7. Adaptability as a voltmetef, ammeter, or wattmeter. 

8. Simplicity and ruggedness of construction, requiring no 

special skill in building. 

The accuracy attainable in an instrument of the type described 
is quite satisfactory. Tests made when used as a wattmeter show 
the following results: 

Stability of zero, within .02 of 1 of full scale, which is 
the limit of reading. 

Largest correction needed at any point along the scale, 
using the equi-division scale as described, when calibrated 
with direct current and potentiometers, — ,06 of of full 
scale. 

Change in calibration with change in room temperature. 
.01 of 1 % per degree centigrade. 

Accuracy of adjustment of phase angle error compensator, 
within three minutes of arc when using the 3 volt tap. 
Reliability of readings, — no deviations among repeated 
readings were found to exceed .02 of 1%. 
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The ENGINEERING EXPERIMENT STATION of the State Col- 
lege of Washington was established on the authority of the act passed 
by the first Lregislature of the State of Washington, March 28, 1890, 
which established a “State Agricultural College and School of Sci- 
ence,” and instructed its commission *‘to further the application of 
the principles of physical science to industrial pursuits/* The spirit 
of this act has been followed out for many years by the Engineering 
Staff, which has carried on experimental investigations and published 
the results in the form of bulletins. The first adoption of a definite 
program in Engineering research, with an appropriation for its main- 
tenance, was made by the Board of Regents, June 21st, 1911. This 
was followed by later appropriations. In April, 1919, this department 
was officially designated. Engineering Experiment Station. 

The scope of the Engineering Experiment Station covers research 
in engineering problems of general interest to the citizens of the 
State of Washington. The work of the station is made available 
to the public through technical reports, popular bulletins, and public 
service. The last named Includes tests and analyses of coal, tests 
and analyses of road materials, testing of commercial steam pipe 
coverings, calibration of electrical instruments, testing of strength 
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advice to inventors, etc. 

Requests for copies of the engineering bulletins and Inquiries 
for information on engineering and Industrial problems should be 
addressed to The Engineering Experiment Station, State College of 
Washington, Pullman, Washington, 

The control of the Engineering Experiment Station is vested in 
the Board of Regents of the State College of Washington. 
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INTRODUCTION 


The total estimated highway mileage in all the states of the 
Union on January 1st, 1025 was 2,866,061. Of this amount there 
is an equivalent of 31,698 miles of concrete highway 18 feet wide, 
or 1.1% of the total highway system It may be assumed that there 
is an equal mileage of bituminous concrete highways, making a total 
of approximately 63,000 miles of pavement. 

The total gasoline tax collected in the United States for 1024 
was ?77,121,732, end for the first half of 1025, it amounted to 
.];60,1 08,734 This is in face ot the fact that four states, including 
New York State do not have any gasoline tax 

For 1924, the total output in motor vehicles, of all the factories 
in the United States was 3,650,000. It is estimated that there were 
20,200,000 automobiles niid trucks in opeiution in the V. S. in 1 025. 
The revenue trom licenses on motor vehicles in 1024 amounted to 
$222,842,641. The total expenditures on highw^ays in 1024 lor con- 
struction and maintenance was approximately $1,000,000,000. 

In the light ot such an enormous investment in motor vehicles 
and highways, the problems of u'curing the' most economic surface 
tor highway (ran.'^port becomes ot Iht utmost importance. This 
problem will be solved when for any particular highway the vehicles 
using the road and the siiriace of which it is constnict(‘d an* such 
as to produce minimum transportation costs 

In making iconoinic comparisons between different road sur- 
faces, consideration must be given both to those costs w’hich arise 
from the operation of the vehicle and those which arise from the 
highway itself, in order that the total cost to the owru^r ot the 
vehicle may be a mininiiim In most stales, at the present tune, 
the automobile owner pays all, or nearly all of the cost oi both oper* 
ating his vehicle and providing the pathway upon which it runs 
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The former is the result of day to day operation; the latter expense 
is paid through license and gas taxes. Much research work is being 
directed toward determining the various items of expense involved 
in conducting highway transportation, and especially those items 
that may be influenced in amount by the character of the road 
surface. 

The yearly cost of any road surface depends upon the first cost 
of that surface, the value of money in that locality, the cost of main- 
taining the surface under the traffic to which it may be subjected 
during its economic life and the number of years before the surface 
requires renewal. The cost of operating a motor vehicle depends 
upon the cost of oil and gas, tires, repairs, and renewals, deprecia- 
tion and occasionally other items. Of these items, the cost of gaso- 
line and tires are greatly influenced* by the character of the road 
surface. The effect of the road surface upon gasoline consumption 
has already been investigated. 

During the summer of 1924, a series of tire tests were made ©n 
various types of highway surfaces in Washington. The results of 
these tests were published as a FIRST PROGRESS REPORT in 
Engineering Experiment Station Bulletin No. 16 of the State College 
of Washington. These tests were conducted during the summer of 
1926 and are submitted herewith as a SECOND PROGRESS REPORT. 

It is felt that the facts disclosed by these tests are of such great 
importance as to justify continuing the research. 
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The Relation of Road Surfaces to 
Automobile Tire Wear* 

SBX30ND PROGRESS REPORT 

Preliminaxy to a discussion of the results of the 1925 tests 
and in order to bring all the test data together and make handy 
reference possible, a brief summary will be given in Table I and 
Table II of the Tire Test Data embodied in Bulletin No. 16 for 1924 
as compared with the data obtained in 1925. For a full discussion of 
the 1924 tests, see the above mentioned Engineering Bulletin No. 16. 

STATEMENT OF PKOJECTT 

Tire testing has been carried on in one form or another in lab- 
oratories for a number of years, but the idea of tests on roads under 
actual service conditions was first put into practice along the fol- 
lowing lines we believe, at the State College of Washington. In con- 
ducting a highway test for tire wear, each car was operated over a 
given road in both directions at a given uniform speed and under 
conditions of atmospheric temperature as uniform as possible. Care 
was taken in driving to avoid running over rough places in the road 
or through moisture, etc. The summer climate of eastern Washing- 
ton insures a very low humidity necessary for dependable results. 

Preliminary to the test, the tires and rims were removed from 
the wheels and thoroughly cleaned with a brush and bellows. The 
valve core was then removed and the deflated tire with the rim 
weighed on a sensitive metric balance. The valve cores were then 
replaced and the tire pumped up to the necessary pressure and 
replaced on the wheel. 

*W® wish ’to express our appreciation of the continued interest and helpful 
suggestions eontributed by Mr. P. W. Ouilbert of Spokane, representing the Ameri- 
can Automobile Association, and by State Senator P. J. Wilmer of Rosalia. 



liable 1. Sunuiiary of Tire Tests for 1924-25 


Year of tests 

1924 

1925 

No. cars used in tests 

5 

4 

No. tests made 

38 

53 

No. miles on pavement 1 

257.0 

1587.5 

No. miles on crushed rock 

2566.0 

1870.7 

No. miles on gravel 

0.0 

252.4 

No. total miles tested 

3473.4 

3548.2 

Speed of tests M. P. H. 

15, 20, 25, 30, 33 

15, 20, 25, 30 

Air temperature range 

46.6 to 97®F 

60 to 105®P 


Table II — (^oniparative Tire ‘Wear ot 30 M. P. H. 


1924 


Cap 

Car Wt. 

Av. tire wear lbs. per 1000 mi.jj 


Tire wear per ton wt. of car 

IjBOd 

Pavement | 

Crushi d 
Basalt 

Water 

worm 

gravel 

1 

Pavement 

Crushed 
Bs.salt j 

j Water 
worn 

1 grHjrel 

c 

3750 


.5117 




.2390 


o 
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3160 

.3333 

.1910 

.0460 1 

i 



.0249 


3 

3690 

.4463 

1 .2221 

1 





1925 


1 

: ] 

1740 

.0477 

.2972 

1 

1 

.0548 

.3400 


2 

2750 

.0560 

.5260 



.0406 

.2940 i 


3 

3560 

.1133 

.6616 

.4900 


.0638 

.3000 

.2220 

4 

! 4400 

1 .1183 


.6250 


.0537 


.3500 


After the test on the highway, the tires were cleaned, deflated, 
and weighed as at first, and the difference in weight was taken 
as the measure of the amount of wear which had taken place in the 
travel of that tire over the distance measured. The speedometers 
were carefully checked fiom time to time against marked distances 
on the highways and against each other. 

The temperature of the air was secured from time to time 
during each run by using a mercury thermometer held out at the 
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side of the car in such a position as to avoid the influence of heat 
from the en£:ine. 

EXTENT OF PROGRESS 

The results of the highway tests conducted in 1924 served 
primarily to indicate the importance of this field of investigation 
and to encourage further tests along the same lines. During the 
summer of 1925 further tests were made in order to determine more 
definitely the tire wear taking place on pavement such as concrete 
and bituminous concrete, and to discover if there were an appreciable 
difference in the wear on each. The tests revealed the fact that 
tire wear on any good pavement is not the determining factor in 
iiire life; that some other factor, such as stone or rail bruise, over- 
load, or under-inflation, will usually cause tire destruction before 
the tread has been worn out. But the final failure seldom occurs 
until the protection given by the tread has been much reduced 
through wear. 

Another angle of the problem of tire wear was undertaken, 
but has not as yet yielded conclusive results. This involves the 
question of comparative tire wear as well as gasoline consumption 
going up and down hill as compared to travel on an average level 
highway. Table III shows the relative gasoline consumption as 
derived from tests on two cars. 


Table III. Chisolitie Consumption on Hills and Ijevels 


('Hr 1 

Cnr 

j (JasoliiiH (Tnllorif, 

r IDOi) mi 

TTR4‘d j 

\Vt 

Hill ' 

' On Lt'vol 

1 1 p Hill 

1 

2 

1 1 
2750 

35.0 gal 

1 

51.8 gal. 

90.8 gal. 

3 

3560 1 

36.0 cal. 

j 62 8 gal. 

10 4.8 gal- 


Data <111 (.'oiulltioii of Tiven l*ievious to Tests 





r 

Air 

j " ' 1 


Car 1 

Sizo 

and 

Location 

Pros- 

j Ap‘ of Tiro j 

Remarks 


Of ! 

Mire 


1 1 

30x3 

front ! 

55 1 

1 5 mo. 660 mi-! 

Total miU-age during 


1 30x3 

rear i 

55 1 

New 9 mi.j 

test, 1127 miles. Cord 


I 

[ 


1 

1 

i 

1 

1 1 

1 1 

tires all around. Wt 
of car, 1740 lbs. 

4 

1 34%x4% front! 

65 ! 

10 mo. 9000 mi.| 

Cord tires put on front 


34 

x4 rear I 

70 1 

8 mo. 7000 mi. I 

Dec., 1924, on rear. 




1 

1 

1 

1 

1 

Feb , 1925. Weight of 
car, 4400 lbs. 

3 

34 

x 4 

front 1 

65 1 

ISnio.lOOOOmi.! 

Cord tiros. Rear tires 


34 

X 4 

rear \ 

1 

10 mo. 6000 nil.j 

moved to front on last 

3 

34 

X 4 

front 1 

65 

111 mo. 8000 ml.t 

two runs. Wt. of car. 


1 34 

X 4 

rear 


[ 2 mo. 1100 ml. 1 

3560 lbs. 

2 

32%x3*^ front! 

55 

n. F. 2 yrs. | 

Cord tires. Wt. of car 


1 

x4 

rear 1 

1 

55 

1 

1 L. F. New 1 

R. R. New j 

1 L. R. New 1 

2750 lbs. 
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Highways on Which Tire Tests Were Made in 1929 
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Tire Test Data (Cent.) 
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In Figure 1 is shown the results in average tire wear per tire 
of the highway tests made in 1926. These tests were made at a 
speed of 30 miles per hour over highways which were selected for 
uniformity in grade and surface. 



Fig. 2 

Figure 2 shows the average gasoline consumption of two of 
the cars used in the highway tests operated over a road which is 
almost level and in excellent condition. It will be understood that 
the gasoline consumption of a car depends not only upon the speed 
at which the car is driven but among other things upon the con- 
dition of the engine, adjustment of the carburetor, timing of the 
ignition, etc. However, the relation of gasoline consumption to 
speed as shown is more or less characteristic of cars of the weight 
used in these tests, irrespective of make. 

Fig. 3 represents the results of tests made on the Lewiston 
Hill in Idaho. The section of the hill used for the tests is eight 
miles long with an average gradient of 4,2% and not to exceed 5% 
at any point. The cars were driven at a speed of 20 miles per hour. 
Going down hill, the engine was left in gear and whenever necessary, 
the brakes were applied as lightly as possible to keep the speed 
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The ENGINEERING EXPERIMENT STATION of the State 
College of Washington was established on the authority of the act 
passed by the first Legislature of the State of Washington, March 
28, 1890, which established a “State Agricultural College and School 
of Science,” and instructed its commission “to further the application 
of the principles of physical science to industrial pursuits.” The 
spirit of this act has been followed out for many years by the Engin- 
eering Staff, which carried on experimental investigations and pub- 
lished the results in the form of bulletins. The first adoption of a 
definite program in Engineering research, with an appropriation for 
its maintenance, was made by the Board of Regents, June 21st, 1911. 
This was followed by later appropriations. In April, 1919, this depart- 
ment was officially designated, Engineering Experiment Station. 

The scope of the Engineering Experiment Station covers research 
in engineering problems of general interest to the citizens of the 
State of Washington. The work of the station is made available to 
the public through technical reports, popular bulletins and public 
service. The last named includes tests and analyses of coal, tests 
and analyses of road materials, testing of commercial steam pipe 
coverings, calibration of electrical instruments, testing of strength 
of materials, efficiency studies in power plants, testing of hydraulic 
machinery, testing of small engines and motors, consultation with 
regard to theory and design of experimental apparatus, preliminary 
advice to inventors, etc. 

Requests for copies of the engineering bulletins and inquiries 
for information on engineering and industrial problems should be 
addressed to The Engineering Experiment Station, State College of 
Washington, Pullman, Washington. 

The control of the Engineering Experiment Station is vested in 
the Hoard of Regents of the State College of Washington. 
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MAGNETIC NAIL PICKER FOR fflGHWAYS* 


INTRODUCTION 

There are between twenty-two and twenty-five million passenger 
cars registered in the United States for 1927. It is the common ex- 
perience of every motorist that their tires all too frequently pick 
up some object from the highway surface which causes a punctuic 
or blowout. This object is usually a piece of iron either in the 
shape of a tack, a nail, a bolt, or something similar. Such a punc- 
ture not only results in a loss of time and annoyance to the driver, 
but results in serious damage to the casing and the tube of the tire 
itself, and sometimes leads to serious actidents. In view of the 
commonly recognized need of relief in this matter it is highly im- 
portant that some steps be taken to remove, or at least reduce, this 
cause of expense and trouble to the motorist. 

The object of the following work is: 

First: To develop a suitable equipment for magnetically removing 
iron from the highways. 

Second: To determine the amount of dangerous iron which is on 
diflferent types of highways. 

DESCRIPTION OF TYPES OF MAGNETS 

A number of different types of magnets have been used more 
or less successfully for the purpose of removing iron from highways. 
Current for such magnets is derived either from a storage battery 
or from an engine-driven generator. Where a storage battery is 
employed as the source of current the magnet must necessarily be 
operated very close to, if not in contact with, the road surface itself 
because the amount of pull which it is possible to obtain from a 
battery energized magnet is very limited unless a very large and 
heavy battery is employed. 


* Complete detail drawinj^s and specifications for building highway magnets accord- 
ing to the current supply available may be had for $5.00 per set by addressing 
Director, Engineering Experiment Station, State College of Washington, 
X^ullman, Washington. 
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These magnets sometimes take the form of a *‘U” shaped piece 
of iron on which is wound a quantity of magnet wire. The horse- 
shoe type of magnet for this kind of work has an inherent weakness 
in view of the fact that the magnetic flux not only crosses the air 
gap between the two tips, but also crosses between the legs of the 
magnet as well. Since the useful flux in a magnet for use on a 
highway is only that portion which extends from the magnet tips 
down to the road surface, any other flux generated by the magnet 
coil, and which does not reach the road surface, represents a waste of 
power. It will, therefore, be apparent that the effective power of a 
horseshoe type of magnet used for highway work can never be more 
than a small proportion of its total power. 

A design of horseshoe type of magnet has been employed by 
some highway departments in \vhich the coil was located well up on 
the magnet leg so that the tips of the magnet core might be per- 
mitted to drag upon the road surface. In this w’ay a series of such 
magnets with their pole-tips dragging along the road surface would 
come into very close contact with any particle of iron lying there 





and would pick it up. Such a magnet is illustrated in Fig. 1, This 
type of magnet must be operated very slowly over the highway and 
must be frequently cleaned, otherwise iron particles collected will 
be dragged away and left to remain on the road surface. 

A more suitable design for a magnet for this purpose is shown 
in Figure 2. It will be seen from the illustration that practically all 
of the magnetic flux of this type of magnet dips down into the sur- 
face of the highway and is useful in attracting the iron from the 
highway. In a general way this is the design of magnet employed 
for lifting in the steel industries and has been found to be the most 
efficient type for such kinds of work. 

There are several items which enter into the design of a magnet 
for picking iron from the highways. First to be considered is the 
speed of operation at which it is desired to use the magnet. The 
most satisfactory speed on an open highway seems to be about eight 
to fifteen miles per hour. In city streets and alleys about three to 
ten miles per hour is most satisfactory, depending upon the rough- 
ness of the roadway. Second, at the above speeds the magnet must 
necessarily be suspended some two or three inches above the high- 
way surface. This means that the magnet must be strong enougri 
to give a very definite and substantial pull on any iron lying on the 
surface of the road and must be able to lift it from the ground during 
the brief interval the magnet is travelling past. It is therefore 
important that the magnet have as large a magnetic pull as possible, 
such magnetic pull being determined by the number of turns of wire 
in the coil and the number of amperes of current flowing through 
this wire, in other words, “ampere-turns''. The size of the current 
which a coil of wire can carry is determined by the size of that wire 
and the ability of the magnet to radiate the heat caused by the pas- 
sage of the current through the wire. The number of ampere-turns 
which can be used on a given magnet core are determined by the 
size of wire used and the available space for winding. One can use 
a .small current through a great many turns of wire, or a large 
current through a small number of turns, keeping the ampere-turns 
the same in each case, and derive the same magnetic pull from each 
magnet. In either winding the same magnetic pull requires about 
the same amount of copper. However, the smaller wire requires that 
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a larger proportion of the winding space be taken up with insulation 
than is the case where a large wire is used. 



Fig. 2 


Experience has shown that an engine driven generator furnishes 
the most satisfactory source of current for a highway nail picking 
magnet. In a few instances use has been made of a commercial 
lifting magnet swung underneath a truck and supplied with current 
from a gas engine driven generator carried on the truck. While such 
an outfit is very satisfactory as far as strength and speed of opera- 
tion is concerned, the area covered by each magnet, namely, a strip 
twenty to thirty inches wide on the highway requires many trips in 
order to cover the entire width of the road In \iew of the fact that 
the.‘^e magnets are designed for lifting power at a concentrated point, 
and in view of the fact that a highway magnet should have its pulling 
power distributed efficiently over a considerable wddth of road the 
commercial type of magnet is not an economical device for extensive 
use. In order to make the nail picking (.tperation an economical one 
the apparatus should be designed to cover the entire road surface 
in (>ne round tiip It was with the above points in mind that the 
following described magnetic nail picker was designed and built at 
the State College of Washington. 

POWER PLANT 

The powder plan! consists of a Lord engine equipped with a 
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large radiator and a circulating pump and mounted on a set of skids. 
Direct-connected to this engine is a three kilowatt 110 volt direct 
current generator. Suitable throttle control is provided for on the 
engine so that the speed can be adjusted as desired. An automobile 
type of ammeter mounted on the generator indicates the amount of 
current being used in the magnets and a field rheostat gives suitable 
control. This makes a self contained power plant which can be 
readily loaded on any .suitable truck. Heavy steel handles are bolted 
on the .skids for use in handling the outfit on and off of the truck. 
It was found that the most satisfactory speed for the engine and 
generator was about 800 R. P. M. The relation of speed to power 
of the Ford engine is such that no speed governor is neces.sary since 
the power required by the niagnet.s increases rapidly as the generator 
speeds up. Therefore the engine will operate practically at a con- 
stant speed depending uj)on the throttle opening. 



Figure 3 


MAGNETS 

The magnets were designed in sections four feet long. This 
makes it convenient to use cither one, two, or three magnets as con- 
ditions of width and roughness of the highway would seem to make 
it desirable. The core of each magnet consists of a 12" ‘T-bcam’* 
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four feet long, to the center of one side of the web of which is 
bolted a 2" x 2" square bar of iron as shown in Fig. 4. This type 
of construction results in a coil laid in one side of the I-beam and 
surrounded on all sides but one by iron. Over the open side of the 
coil is bolted a sheet of brass to protect it from injury as it passes 
over loose rocks on the highway surface. This brass plate also 
provides protection to the coil from pieces of metal drawn up to it. 
On the opposite side of the I-beam are welded two strips of steel 
with holes for supporting chains extending upward to supporting 
mechanism on the truck body. Four heavy steel handles are provided 
on each magnet for ease of handling. This is necessary in view of 
the fact that each four foot section of magnet weighs nearly four 
hundred pounds. The magnet winding consists of 315 turns of No. 
7 double cotton covered square magnet wire. The complete coil, 
weighing about 200 pounds, was thoroughly impregnated with insu- 
lating compound. Before the coil was laid into the magnet yoke the 
inside of the yolk was painted with varnish and insulated with two 
layers of thick paper. After the coil was mounted in the core two 
layers of the same paper were placed over it and secured in place by 
the heavy brass protecting plate. This brass plate extending over 
the entire surface of the magnet not only rttains the coil in place, 
and affords protection from injury, but facilitates the removal of 
the collected iron when the current through the magnet is turned 
off. If the collected iron were in contact with the iron surface of 
the magnet core it would not so readily drop off when the current 
is turned off. 

The winding of each magnet w^as designed for thirty amperes 
continuous operation. If tw'o magnets or more are used together 
tliey are to be connected in series, thereby demanding thirty amperes 
of current from the generator under all conditions. In use the mag- 
nets are susi)cnded with the front edge about two inches above the 
road surface and the rear considerably higher as show’n in Fig. 5. 
This prevents accidental contact with the road from brushing away 
accumulated material on the face of the magnet. Owing to the fact 
that the leading edge (d the magnet frequently conies into contact 
with rocks, or with the surface of the road itself, a steel reinforcing 
strip is bolted to this edge in order to take the blows and sustain the 
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wear. This strip can be renewed whenever necessary. A like strip 
on the rear edge of the magnet makes it possible to turn the magnet 
around and operate it in the other direction. The terminals of the 
coil extend through insulated holes in the web of the I-beam to a 

^To^uppoft 
on truck 



^Road surface. 

terminal block on the upper side. These insulated holes are thor- 
oughly sealed with insulating compound in order to prevent the 
entrance of moisture into the coil. At 30 amperes the power con- 
sumed by each magnet is approximately 900 watts. 

Operation of Magnetic Nail Picker on the Highways 

The following are the requirements f<->r successful operation of 
the nail picker in collecting iron from the higlnvays: 

The power plant should be loaded on a two or three ton truck. 
The desired number of magnet sections, not to exceed three, should 
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be suspended beneath the truck. It is preferable to suspend these 
magnets just in front of the rear wheels. Where three magnet sec- 
tions are employed the center section may be suspended under the 
center of the truck immediately behind the rear wheels. The two out- 
side sections slightly lapping over the area covered by the center 
magnet may be suspended from a cross timber or pipe attached to 
the truck body, preferably in front of the rear wheels. The three 
magnets should then be connected in series to the generator and the 
current adjusted to 30 amperes. Figure 6 shows the outfit employ- 
ing but two magnets. 



Figure 6 


Two men arc ordinarily required for the operation of the nail 
picker until the operation is wcW understood when one man can 
handle it successfully alone. One drives the truck in such a way 
that the magnets cover an area to the right of the center of the road. 
The width of most highways is such that the right hand magnet will 
extend over the shoulder of the road. The truck is driven at a 
suitable speed, say from eight to fifteen miles per hour. While the 
outfit is moving, the second man can do little but see that the power 
plant continues to furnish the required amount of current to the 
magnets. The collected iron should be cleaned from the magnet 
frequently since too great an accumulation reduces the useful strength 
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of the magnet. For the cleaning operation the truck is stopped and a 
piece of canvas is spread underneath the magnets. Then either by 
means of opening a switch or by stopping the engine, the current 
is cut off allowing the accumulated iron to drop onto the canvas. 
This iron should be preserved as evidence of the condition of that 
stretch of highway. It is desirable at some time to weigh this iron 
and determine the amount per mile collected. It will be found that 
<^hc largest proportion of iron will usually be collected from the edge 
and the shoulder of the road. However, there will be a very appre- 
ciable amount also collected from the center of the road where 
traffic is heaviest. Figure 7 shows one of the magnets turned up on 
edge to show the nails and iron accumulated while operating over 
an area used for parking cars where a quantity of old lumber had 
formerly been piled. 



Figure 7 


The cost of operation of this outfit will be that of the truck plus 
the gasoline and oil used by the power plant plus the wages of the 
one or two men employed. 

Results of Tests 

In the operation of the nail picker over the highway it was dis- 
covered that the amount of iron per mile collected was about uniform. 
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A mile of highway adjacent to a city contains about the same amount 
of iron as a mile of highway ten miles from the city. It was found, 
however, that at least three-fourths of the iron is located at the edge 
of the road. The iron picked up from the center of the road, how- 
ever, in most cases consists of small nails and tacks, all of which 
are definite sources of tire trouble. The iron collected from the edge 
of the road contains many items such as nuts, pieces of bolts, broken 
pieces of spring leaves, etc., which do not materially endanger a tire. 
It is estimated that at least three-fourths of the material collected is 
a definite menace to automobile tires. Figure 8 shows three piles of 
material accumulated in tests made on the loose crushed rock high- 
ways in Whitman County, Washington. The average motorist would 
strongly object to driving his car over any of these three piles but 
he drives over the same material every time he uses the highway. 



Figure 8 


Economic Conclusions 


On highways, on city streets, and in alleys, automobile tires pick 
up particles of iron which sooner or later result in a puncture or a 
blow-out. Each puncture not only damages the tire, costs money to 
repair, and furnishes annoyance to the driver, but is often the cause 
of a serious accident. This iron accumulates on the road surface 
from wagon beds, trucks, car bodies and merchandise hauled over the 
roads. There is no rea.son to expect that the deposit of this material 
on the highways can be prevented. It therefore remains for some 
means to be used to remove it as often as it seems desirable. 
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The cost of one man with truck and nail picking equipment per 
day will amount to about twenty to twenty-five dollars. One outfit 
should be able to travel at least sixty miles per day. This will repre- 
sent the clearing of both sides of a road thirty miles long each day. 
It is estimated that two trips per year over a gravel highway would 
be sufficient to remove the accumulated iron. Balanced against this 
cost of clearing the highways is the total cost to the motorists in 
money for repairing punctures, in time lost to change tires, in annoy- 
ance at the delay, and in real danger of accident confronting a car 
which has a puncture while traveling at high speed. These items 
can only be approximated in money value, but it is commonly agreed 
amongst motorists that this would far exceed the cost of removing 
the iron from the highways. It will, of course, be understood that 
it would be impossible to permanently or completely remove all 
sources of tire puncture from the highway because the distributing 
process is continuous and a nail picker can only reduce the chances 
for puncture and not entirely eliminate them. However, the lessen- 
ing of danger of accident to life and property will well repay the 
nominal cost of operating such a machine over alleys, streets, and 
highways once or twice per year. 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 

1. Sewage Disposal for the Country Home. (Out of Print.) 

By O. L. Waller and M. K. Snyder, March, 1914, July, 1916. 

2. How to Measure Water. 

By O. L. Waller, October, 1915, Reprint 1925. 

3. Water Supply for the Country Home. (Out of Print.) 

By M. K. Snyder. See Eng’rg. Bui. No’s. 9, 10, and 11, 

4. Construction and Maintenance of Earth Roads. 

By L. V. Edwards, April, 1916. 

5. Cost of Pumping Water. (Reprinted as Extension Bui. No. 103.) 
By O. L. Waller, August, 1916. 

6. Fuel Economy in Domestic Heating and Cooking. 

By B. E. Steele, December, 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 

8. Use of Ropes and Tackle, Illustrated. 

By H. J. Dana and W. A. Pearl, December, 1921. 

9. Well and Spring Protection. 

By M. K. Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M. K. Snyder, February, 1922. 

11. Farm Water Systems. 

By M. K. Snyder and H. J. Dana, January, 1923. 

12. Commercial and Economic Efficiency of Commercial Pipe Cover- 
ings. By H. J. Dana, January, 1923. 

13. Critical Velocity of Steam With Counter-Flowing Condensate. 
By W. A. Pearl and Eri. B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. By H, J, Dana, December, 1923. 

15. A New Stationary Type Laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear. First Pro- 
gress Report. By H. V. Carpenter and H. J. Dana, January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear. Second Pro- 
gress Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Pro- 
gress Report. By H. J. Dana, October, 1926. 

19. Analysis of Washboards in Highways. 

By H. V. Carpenter and H. J. Dana. (Nearly Completed.) 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 

21. Magnetic Nail Picker for Highways. 

By H. J. Dana, July, 1927. 


16 




35 



down to 20 miles per hour. The gasoline consumption down hill 
represents what the engine used with a closed trottle and a car- 
buretor adjustment for normal every day driving, or in other words, 
an idling condition and possibly at more than idling speed. It will 
be understood that a special adjustment of the carburetor could 
have been made which would have greatly reduced the consumption 
of fuel down hill, but this would not then be considered normal 
practice in driving. The twenty-three miles of highway on which 
were run the tests for the data “on level” of figure 3 cannot be com- 
pared with the level highway represented by figure 2. The former 
is also macadam but not in first class condition, and extends over 
a low rolling country. 


Table IV. Relative Fuel Economy 



(rasolino Consumption, Galions p*er 1000 mi 

Difforonco 






1 

in i-ost Gas 



Dow n j 

Vp 

1 Ave ’ 


1 Diff j 

(n) 25c 

2 

35 

90.8 

62.9 

51.8 

1 

1 n . 1 

$2.77 

3 

36 

104.8 

70.4 

62.8 

7.4 

1 .85 


Table IV shows the relative fuel economy of travel over hilly 
roads as compared with travel on a practically level highway, based 
on the same distance traveled up hill as down. This at once gives 
rise to the question of the expense to the motorist of traveling 
a hilly highway, and of the desirability of going to the expense of 
rtjhuilding the highway to eliminate the grades. Comparative gaso- 
line consumption is but one item — another being comparative tire 
wear. Added wear and tear on th * car mechanism would also be an 
item worth considering, as well as comfort in motoring. 

From Tabic IV, it will be seen that when considering gasoline 
alone, travel over a highway in which it would be possible' to elimi- 
nate hills is costing the motori.sts from $1.85 to $2.77 extra per 
thousand miles, according to the results of the above tests. It may 
be interesting to note from Pig. 3 that if a motorist coasted down 
all hills Avith the motor stopp<‘d, assuming that he traveled as far up 
hill as down, he could travel u given distance cheaper than on a 
level highway where the engine is working at much less than full 


16 



capacity. However, such is not the practice with the motoring 
public and could not be used as a basis for comparison. 

THE ECONOMIC SfONlEICANCE OF HIGHWAY TE8TS 

The cost to the motorist of using a highway includes such items 
as gasoline consumption, tire wear, depreciation of the machine, etc. 
Speed and load limits are also factors which aid in determining the 
value of a highway. However, since the tests have been confined 
mainly to the comparative rate of tire wear, the following analysis 
will be based on the item of tire wear alone. 

The average tire wear for a touring car of 3 500 to 3700 lbs. 
weight at an average sp(*ed of 30 M. P. H. as determined from the 
1924 and 192 5 tire tests was 554 lbs. per tire on macadam and 
.080 lbs per tire on pavement per thousand miles. The total 
tire wear per car for all four tiros in each case would be 2.216 and 
.320 lbs. respectively, considering standard 33x4 tires only. The 
difference in tire wear per car on the two types of highway will 
be 1.896 lbs. per thousand miles. 

If it be assumed, as in THE FIRST PROGRESS REPORT of 
192 5, that an average of 3 45 lbs. of tread rubber is worn off in 
the life of this type of tire, and if the cost of the tire be divided 
by the amount worn off during its life, the rate will be found to be 
approximate^ $10 00 pel lb. TIkmi the cost ot tires to operate the 
above car ovrr average iiiacadain roads will be .$18 96 [ler thousand 
miles more than in operate it over iiavemont. It the difference in 
annual cost per mile bet\veon pavement and macadam roads be taken 
again at $501,29, as derived Irom the Report ot the Bureau of 
Public Roads lor 192 1. fbeii. on the basis of tire wear alone, it will 
require a traffic of 26,100 siicli cars per >ear or an average of 
72 cars per 2 1-hour day to justil\ the building of the better road. 

The above analysis is ba.sed upon the av(Tage of a larg<' number 
of tests on one ear. Following is a similar analysis employing the 
average tire wear as derivi’d from ail the tests of all the different 
weight cars used in tht‘ tests ol 1924 and 1925. 'rin* over-all averagi' 
tire wear for all cars tested is .163 lbs. per tire on macadam and 
.103 lbs. per tire on pavement per thousand miles. The total wear 



per car in each case would be 1.862 and .412 lbs respectively, con- 
sidering standard tires only. The difference in tire wear will be 
1.440 lbs of rubber per car per thousand miles . 

Considering the average of all sizes of pneumatic tires for 
private passenger cars the amount of tread rubber worn off in 
the life of the tire will approximate 2% lbs. At the rate of 110.00 
per lb. again, the difference in cost to the motorist for tires alone 
between travel on crushed rock macadam and on pavement is $14.40 
per thousand miles per car. If the difference in annual cost per mile 
between pavement and macadam is $501.29 as above, then on the 
basis of tire wear alone, it will require a traffic of 34,800 cars per 
year, or an average of 95 cars per 24 hour day to justify the building 
fo the better road. 

Using an average first cost for pavement over the entire United 
States of $30,000 per mile, the diffetence in annual cost per mile 
will be justified in the above analysis by 182 cars per day. It should 
be kept in mind, however, in determining a proper cost for pavement 
that there is no question of the economy of pavement for roads with 
heavy traffic. The pavement to be considered here, therefore, should 
be that chosen for roads with moderate traffic demands. 

In as much as the foregoing analysis, as stated above does not 
include such items as gasoline consumption, depreciation of the 
machine, comfort in riding, saving of time, etc., the figures sub- 
mitted above for the number of cars per day needed to justify paving 
are without doubt considerably in excess of the correct minimum. 
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INTRODUCTION 

During the summer of 1924, a series of tire wear tests were made 
on various highway surfaces in the stated of Washington and Idaho 
and the results were published in a First Progress Report, Bulletin 
No. 16, The work was continued in 1925 and the results published in 
n Second Progress Report, Bulletin No. 17. Further tire wear tests 
on the highways of Washington, Oregon and Idaho, were made dur- 
ing the summer of 1926 and the results are herewith submitted in a 
Third Progress Report, Bulletin No. 18. 

Owing to the fact that balloon tires are largely replacing standard 
tires on passenger vehicles, the two test cars were fitted with balloon 
tires, and thus equipped, were used in all of the 1926 tests. 
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THE RELATION OF ROAD SURFACES TO 
AUTOMOBILE TIRE WEAR 


THIRD PROGRESS REPORT* * 

The results of the tire wear tests made in 1924 and in 1925 do 
not correspond exactly in value with each other or with the tests 
made in 1926. This may be attributed in part to the use of different 
cars and tires over different highways under varying degrees of main- 
tenance. The various variable factors entering into the making of 
such tests make it necessary to correlate the results on the basis of 
general averages. 

In order to present for comparison the results of all the tests 
made, a brief resume is given in Table 1 of the conditions surrounding 
the tests made during the summers of 1924, 1925 and 1926. In Fig. 1 
h depicted graphically the results of the tests made on pavement and 
on crushed rock macadam. For a full discussion of the method of 
testing and of the results of tests made prior to 1926, see Engineering 
Bulletins No. 16 and 17. 


CONCRETE 

P/tvmENT 


CRUSHED 

MSRLT 

nRCRDflM 



COMP/IRATIVE TIRE WEAR 

1924 -a5 -26 
HI6HVW TIRE TESTS 


Enqtngenn^ExperimcntSMon 
Siare Cplleqa of Woshinaton 

~T ' r ' . " — f—a 




fdO 


<76 


•594 


O .1 2. 3 4 5 6 

TIRE WEAR IN POUNDS PER THOUSAND MILES 


Figure i 


* In 1925 a short test of 460 miles was oonducted on bitulithic concrete and a 
similar test of 480 miles was made on cement concrete pavement in Western 
Washington and Oregon. The results of these two short tests were .125 lbs. 
tire wear per 1000 miles for bitulithic and .118 lbs. per 1000 miles for 
cement pavement. While there is a difference shown between the tire wear 
on the two types of pavement, this difference is too small to justify any 
conclusions as to their relative merits. 

A short test of 225 miles conducted at the same time on water worn gravel 
showed an average tire wear of .557 lbs. per 1000 miles. 
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Table I. Summary of Tire Test Details 


1924 I 1925 I 1926 


No. cars used in tei>th | 

5 

4 I 

2 

No. tests made 

38 

53 

40 

No. miles on pavement 

257.0 

1587.5 

1597.0 

No. miles on crushed rock 

2566.0 

1870.0 

2247.0 

No. miles on gravel 

0.0 1 

252.4 

0.0 

No. miles on oiled road 

0.0 

0.0 

1804.0 

No. total miles tested 

3473.4 

3548.2 

5648.0 

Speed of tests, m.p.h. 

15, 20, 25. 
30, 33 

15, 20, 
25,30 

20, 30 


STATEMENT OF PROJECT 

Two identical cars were secured for the tire tc«?ts in 1926. These 
were balloon equipped, Oakland Coaches, weighing 3750 each, with 
load and driver. Both cars were nearly new and in excellent condition 
as regards tires, wheel alignment, and 4 wheel brake adjustment 
These cars were chosen as being about the average in weight., 

The method of cleaning and weighing tires was the same as des- 
cribed in previous progress reports from which we quote: — 

‘Treliminary to the test, the tires and rims were removed from 
the wheels and thoroughly cleaned with a brush and bellows. The 
valve core was then removed and the deflated tire with the rim 
weighed on a sensitive metric balance. The valve cores were then 
replaced and the tire pumped up to the necessary pressure and re- 
placed on the wheel. 

After the test on the highway, the tires were cleaned, deflated, 
and weighed as at first, and the differnce in weight was taken as the 
measure of the amount of wear which had taken place in the travel of 
that tire over the distance measured. The speedometers were care- 
fully checked from tine to lime against marked distances on the 
highways and against each other."' 


6 



In the case of tests on oiled highways, the tire treads seemed to 
become glazed with a film of material consisting of oil bound dust 
presumably derived from wear on the surface of the road itself. As 
the customary brushing before weighing failed to remove this film, 
each tire was then subjected to additional cleaning by rubbing with 
dry waste or cheese cloth until the glaze was removed. 


EXTENT OF PROGRESS 

The results of the highway tire tests made in 1924 and 1925 were 
based upon standard tires, operated upon crushed rock and pavement 
highways. Two new features w^ere introduced in the 1926 tire tests. 
First, owing to the increasing popularity of balloon tires for pleasure 
vehicles, this type of tire was chosen and used in all the tests on var- 
ious types of highways available. 

Second, inasmuch as it seems likely that the oil treatment of 
ciushed rock highways will figure extensively in the future highway 
program of the State of Washington, plans were made for extensive 
tests on the bc.st oiled highways available. 


CONDITION OF HIGHWAYS TESTED 

Tests were made on water bound macadam with some loose crushed 
Slone surface, on cement pavement, and on oil treated macadam. The 
crushed stone road from Pullman to Palouse, Washington was smooth 
and hard and almost free from loose gravel and corrugations, closely 
ai;proaching ca.stcrn macadam , except that the stone used is crushed 
basalt. There arc no sharp curves and the grades are long and easy. 

The cement concrete highway on which tests were made extends 
from the top of the hill north of Colfax, Washington northward 
through Steptoe and about one mile beyond, having a total length 
of approximately 9 miles, 4 miles of which is 5 years old and 5 miles 
of which is 2 years old. This highway is in good condition, practi- 
cally free from motor oil, and is fairly level with no sharp curves. 

A suitable length of first class oil treated highway extending 
from Pendleton to the Dalles, Oregon was used for the tests. A few 


7 



HIGHWAYS ON WHICH TIRE TESTS WERE MADE IN 1926 
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Figure 2. The two tire test cars used for the tests made in 1926. The scene 
is on the concrete pavement at Steptoe, Washington. 


miles of this oiled highway just west of Pendleton has been built and 
in use for three years, the next portion on through Echo is two years 
old, and the rest of the highway to the Dalles, is one year old. Several 
very short sections had been processed and re-oiled during the early 
summer of 1926. While it was very evident that a recent application 
o: oil had been made to these sections, no excess of oil was evident 
on the surface and it was considered perniissable to use the entire 
length of 144 miles from fVndleton to The Dalles for the tests. There 
arc numerous easy grade> and a few sharp curves along this route. 
The surface was exceptionally smooth and free from pitting, due in a 
large measure, no doubt, to the persistent maintenance methods em- 
ployed. Figure 3 shows a stretch of oil treated highway north of 
Stanfield, Oregon. 


TIRES 

Hoth cars were equipped when new with 31 x 5.25 cord balloons 
which were used throughout the tests At the beginning of the tests 
the tires on Car No. 1 had run 3900 miles and on Car No. 2 1800 miles 
and were about 4 and 2 months old respectively. The treads showed 
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only a normal amount of wear for this mileage. Throughout the 
tests there was no evidence of abnormal wear or of injury by accident 
U the casings. Each of the cars maintained perfect wheel alignment 
throughout the entire tests. 


HUMIDITY 

The success of the tests for tire wear depend in large measure 
upon the accuracy with which the tires can be weighed. It is a known 
fact that tires take up moisture very readily when exposed to air of 
higher humidity. This increase in weight of the tire due to absorbed 
moisture may sometimes equal the amount of rubber worn off in one 
or two hundred miles of travel. This fact makes it necessary to con- 
duct the tests under conditions of uniform low humidity. For the 
summer of 1926, the relative humidity as determined from lime to 
time during the tests ranged from 23 to 39% with ^an average of 
31j4%. Such a low humidity is especially conducive to accuracy in 
the results obtained and makes the region of Eastern Washington 
and Oregon especially adapted for tests of this nature. 



Figure 3. An example ot the successful application of oil treatment to crushed 
hasalt macadam highway near Pendleton, Oregon. 
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CONCLUSIONS 


The results of the tests for the tire wear on crushed basalt maca- 
dam between Pullman and Palouse may be accepted as fairly repre- 
sentative of crushed rock highways which are in good condition. 
Likewise, the tire wear on the cement concrete pavement at Steptoe 
is representative of what may be expected on clean pavement. 

In the case of the tests for lire wear on oil treated crushed rock 
macadam, a word of explanation is necessary. The test cars had been 
used on clean pavement and on dry gravel roads For each 100 miles 
of the first 300 miles traveled on the oil treated highway the tires 
apparently took up more weight of oil from the road surface than 
they lost in rubber worn off. Just how long this oil absorption would 
continue is not definitely known. However, the tests show that after 
the first 300 miles, the loss of weight by wear exceeded the gain in 
weight by absorption of oil. Continued tests did not reveal any ap- 
parent further absorption of oil as far as could be determined from 
the data secured. If it be conceded that the tires had become satur- 
ated with oil in the first 300 miles of operation on oil treated highways, 
then the subsequent test.s show only the normal wear taking place 
on the oiled road surface. A study has been undertaken but no con- 
clusions have been drawn a.s to the effect on the tread rubber of long 
continued use on oiled highway.s 

The tests on oil treated highways were interrupted by rains which 
destroyed the low humidity conditions necessary for this type of \vork. 
Further tests will he carried out at the earliest opportunity. 

On the basis of the results of the tests as shown in Fig. 4 econom- 
ic conclusions may be drawn as follows: 

If the average cost of tires in terms of pounds of tread rubber 
which is worn off the tire be taken as $10.00 per pound, a traffic 
of 500 cars per day on a good crushed rock highway will cost the 
motorists $2590 in tires per mile of highway per year. The cost 
on good cement concrete pavement would be $672 per mile and for 
oil treated surface in good condition $188 per mile per year. 

The above figures on crushed basalt macadam are based upon the 
re.sults derived from tests on 6683 miles of travel. The figures on 
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concrete pavement are based on 3431 miles of travel. This mileage 
i*. sufficient to establish the accuracy of the results pretty thoroughly. 
On the other hand, the results of the tests on oil treated highway are 
based on a total mileage of 1804 of which 600 miles were traveled 
before the tread wear exceeded the oil absorption. Therefore, the 
r( suits of the tests on oil treated macadam are based practically upon 
but 1200 miles of travel and their probable accuracy should be con- 
sidered accordingly. 


Oil frtatod 
crushed rock 

Concrete 

pavemenr 

Crushed rock 
macadam 
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THE COST OF MOTORING OVER HILLS 

What does a hill cost a motorist? It is quite generally agreed 
tl at a car will use more gasoline going up a hill than in going down 
the same hill. It would also seem reasonable to suppose that the 
ti active effort through the rear wheels to drive a car up hill would 
wear or grind off more tread rubber than in the process of going 
down hill. In the hoj)c of determining these factors, tests were made 
on the Lewiston Hill in Idaho for gasoline consumption and tire wear 
going down hill as compared to traveling the same speed up hill. 
This route was chosen because of the fact that the grade i.s remarkably 
uniform and is comparatively long — two factors which are especially 
valuable in this kind of a test. The choice of this particular hill for 
hill tests is in no way a reflection upon the highway itself. The 
Lewiston Hill highway is a most excellent piece of engineering 
over a very difficult route, and affords the motorist a fine opportun- 
ity to view an expanse of rare Western scenery. 

The l.ewiston Hill Highway is approximately 8.5 miles long and 
has an elevation of 735 at the bottom and 2750 feet above sea level at 
the crest This gives an average grade for the emtire hill of 



Figure 6. A well banked curve on the Lewiston Hill Highway. The loose 
crushed basalt on this type of highway undoubtedly contributes largely to the 
excessive tire wear experienced on Western macadam highways. 
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The maximum grade at any point does not exceed 5% while the mini- 
mum is 154 %. There are a number of sharp curves which are well 
banked. The entire highway on the hill is surfaced with loose crushed 
bjsalt which is frequently planed by a maintenance grader to keep it 
evenly distributed on the surface of the road. 


METHOD OF HILL TESTS 
TIRES 

Two sets of tires and rims were used with one car. One set of 
lues was used on the trip down the hill, and at the bottom was re- 
placed by the second set which was used on the return trip. The first 
set was then replaced and the performance repeated, keeping track, 
meanwhile, of the total miles each set of tires had traveled. Tires 
w’cre always replaced on the same wheel, that is, one certain tire was 
always placed on the right rear wheel, while going down hill, etc. 
The speed was 20 miles per hour. Braking was done only when abso- 
lutely necessary and always as carefully as possible so that all skid- 
ding was avoided. Very little braking Was necessary. The engine 
was always kept in gear with the ignition turned on while going down 
hill. Each set of tires when not in use was carried along in the test 
car. The tests were continued until each set of tires had run 50 miles. 
Then the tires were weighed and the two sets reversed — the ‘'down 
hiir* tires being used on the up hill trip and vice versa, for another 50 
miles each. The results gave the tire wear for approximately 100 miles 
down hill and the tire wear for a like distance up hill. The usual 
thorough cleaning preceded the weighing before and after the tests. 

GASOLINE 

The test car was equipped with suitable valves in the gasoline line 
to the carburetor so that the rear tank supply could be used when 
going up hill, and on the down trip, gasoline could be drawn from a 
five gallon reserve tank attached to the dash of the car. In this way, 
all of the down hill mileage was made on gasoline weighed into the 
reserve tank, and the uphill mileage on gasoline weighed into the rear 
tank. Careful measurement was made of the quantities put in and of 
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llie amount remaining after the test and computations made to deter- 
mine the relative gasoline consumption for up hill, down hill ,and on 
the level. 


CONCLUSIONS 

Owing to the lack of time during the summer sufficient to carry 
out the entire tire test program which had been proposed, it was found 
impossible to complete the testing work on the Lewiston Hill highway. 
Furthermore, owing to an error made in the preparations for con- 
ducting this test, the accuracy of the data secured on the No. 1 set of 
tires was questioned, and therefore rejected. This leaves only the 
data on the No. 2 set of tires — representing a distance traveled during 
the test of 51.8 miles down hill and 43.4 miles up hill. This amount 
ol data is entirely too meagre and the distance traveled is too short 
to justify drawing any conclusions as to the relative amount of wear 
to be expected in traveling up or down this type of highway. In 
Table 2 are submitted the results as obtained. 

It is to be noted in Table 2 that the average wear up hill and down 

on level 


Gallons 
per 1000 
miles 

53.8 

32.5 

86.4 


59.4 


considerably exceeds the average wear experienced in travel 
highways. 


Table 2 


Route 

Down hill 
Up hill 

Average 


Distance 

51.8 

43.4 


W ear in 
lbs. per 
1000 mi. 


.63 

1.01 


.82 


Route 

Level 
Down hill 
Up hill 

Avc. uphill 
and down 


Table 3 


Miles 
per Gal. 


18.6 

30.8 

11.6 

16.8 


An investigation was carried on at the same time relative to com- 
parative gasoline consumption in the three cases noted. It will be 
observed that the average gasoline consumption up hill and down for 
a given distance is about 10% in excess of the consumption on aver- 
age level highway. 
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spirit of this act has been followed out for many years by the Engin- 
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ment was officially de.signated, Engineering Experiment Station. 
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RHYTHMIC CORRUGATIONS IN 
HIGHWAYS 

SUMMARY 

The formation of rhythmic corrugations, or “washboards,” in 
gravel and crushed rock highways has never been fully explained. 
Studies are here described, based first, on experiments carried out 
with an oscillographic recorder in the tonneau of a car which gives 
a record of the variation in distance between the rear axle and the 
body while going over “washboards” and various other obstructions. 
See Figures 1 to 9. These tests show that the rear axle frequently 
vibrates through vertical amplitudes many times greater than the 
depth of the corrugations. Second, to avoid the complicating vibra- 
tions found in practice a laboratory model of the rear end of an 
automobile was built which also eliminates horizontal motion. Then 
curves 9 to 15 were taken. These curves show the relationship in 
time between the rear axle and the road surface and show that at 
certain speed.s the greatest pressure of the tire on the road comes 
in the trough of the corrugation. See Figure 12. The important 
effect of resonance is shown in Figure 9. Third, mathematical anal- 
yses based on the curves and the mechanics of the case explain many 
of the peculiar conditions found in these experiments. 

INTRODUCTION 

The rapid increase in the number of automobiles, with the con- 
sequent heavier traffic on the highways, has given rise to a peculiar 
and serious problem of highway maintenance. Many highways which 
are constructed with a gravel or crushed rock surface, especially 
those carrying a traffic of 500 or more cars per day, are subject to 
a form of erosion variously known as washboards, chatter bumps, 
rhythmic corrugations, etc. Much study has been devoted to the 
prevention or control of this undesirable formation by means of 
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improved construction, intensive maintenance, or special surface treat- 
ment but at present frequent planing is the most common treatment. 
This treatment is decidedly objectionable, not only from the stand- 
point of immediate expense but because the corrugations make it 
necessary to cut away a large amount of well compacted macadam. 
An acknowledged cure for washboards is pavement, but it is quite 
evident that all casc.s of washboards cannot be thus treated for many 
years to conic and that gravel roads will continue to be subjected to 
abnormally heavy traffic. Therefore, it is important that effort be 
directed toward the elimination, or better control, of this nuisance. 

The work of this bulletin has been directed toward a study and 
analysis of some of the causes contributing to the formation of 
washboards and to determine in w'^hat way they are inherent in the 
present design of the automobile itself. 

OCCURRENCE OF WASHBOARDS 

The formation of washboards is hindered by the maintenance of 
an abundance of sand or finely crushed rock on the road surface. 
They are found, ucca«;ionally, in the surface of bituminous niaca<lani 
where the more or less soft surface material shapes itself into 
rhythmic undulations under the influence of traffic. 

Where bitumiiunis road surfaces break down by pitting, it is 
often noticed that the pits occur somewhat after the order of wash- 
boards, indicating that much the same force has been at work. 

Cement concrete roads, and brick loads, do not reveal evidences 
of rhythmic corrugations due to traffic. If the surface in either case 
breaks down, it usually indicates destruction localized at that point 
because of a local weakness or injury in the surface 

Earth roads usually do not show evidences of rhythmic cor- 
rugations. If the surface becomes rough under much traffic, it 
bleaks down in irregular fashion, the pits and depressions usually 
.showing no apparent regularity. 

TIME OF APPEARING 

Washboards in gravel and crushed rock highw^ays appear mostly 
during dry seasons. The presence of moisture in the highw'ay sur- 
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face tends to bind the surface particles together, making the forma- 
tion of washboards less likely. This condition obtains in the spring 
of the year, but during a long dry summer, the surface moisture 
evaporates leaving the road material with a weaker binding agent, 
and therefore subject to rapid erosion through impact and air suction 
caused by pa^ssing tires. 

RELATION OF VOLUME OF TRAFFIC TO FORMATION 
OF WASHBOARDS 

A traffic of three or four hundred cars per day does not usually 
cause serious formation of washboards. By planing the crests of 
the bumps and re-distribution of loose gravel over the surface with 
a frequency proportioned to the traffic a much greater number of 
cars has been handled over gravel or crushed rock highways without 
serious corrugation, A temporary suspension of maintenance opera- 
tions, of course, hastens the destruction of the road surface. Owing 
to the effect of other things than traffic volume upon the formation 
(*f washboards their formation cannot be ascribed to any arbitrary 
volume of traffic. It can be said, however, that the heavier the 
traffic, the more readily arc washboards formed 

Washboards have been found to occur on lulls of a grade up 
to 5 and 6 per cent or steeper It has been asserted that they occur 
only on the side of ascending traffic but their occurrence has been 
occasionally noted also on the vjdc of descending traffic. Such an 
example was ob.scrved on a hill at Ncsqually Falls, Washington, in 
the summer of 192.S, where a series of two or three hundred feet 
long f»f very prominent washboards occurred on the side of descend- 
ing traffic On tlic side of ascending traffic no evidence of corruga- 
tion existed. 

C)bsorvatioii has revealed the fact that corrugatuins do not 
ordinarily occur continuously over a long distance, but arc formed in 
groups, w'hich merge into one another. This is often indicated by 
the presence of a broken rhythm where one scries has merged into 
another with a shortened cadence. The number counted in successive 
groups which have become joined together has ranged from nine 
to eighty-three each, while single independent groups seldom have 
more than 15 grooves per group. 
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CAUSE OF WASHBOARDS 


Many theories have been advanced by various writers, as to 
the cause, and the method of formation of washboards. Some blame 
the explosions of the motor for the rhythm of the corrugations but 
this could not be true due to the fact that the road distance between 
explosions of the motor averages about 12 inches for four cylinder 
cars and from 6 to 10 inches for six cylinder cars, while the distance 
between corrugations as measured from crest to crest on the road 
surface where they occur has been found to range from 20 to 37 
inches. 

Modern demands for comfort in motoring have been met by 
providing highly perfected spring suspensions for the car bodies. 
The inertia of the body of the average automobile is large. The 
addition of passenger load further increases the inertia of the “sprung 
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Fig. 1. Buick passing over bumps on a smooth road at 16 miles per hour. 
Dotted line shows apparent path of body. 
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Fig. 2. Ford passing over a 2x4 at 20 miles per honr. 

weight” of the car. This results in the desired protection against 
high frequency vibrations being transmitted to the passengers. 

The wheels, tires and axle gear of the car constitute the “un- 
sprung weight.” This statement is only comparative, because of 
the fact that the tires, whether solid rubber, or pneumatic, constitute 
a “spring” for this so-called “unsprung weight,” thus reducing to 
some degree the violence of the effect of road corrugations upon the 
axle. 

The presence of very flexible springs between the car body and 
the axle makes it possible for the axle to vibrate almost independently 
of the body, a fact which is easily seen on the highway where the 
rear axle of the car being driven just ahead is frequently seen to be 
in violent oscillation while the body is vibrating only slightly. 

In order to determine what relation might exist between axle 
vibration and road surface corrugations, three methods of investiga- 
tion have been carried out: first, oscillographic recorder on a full 
sized car; second, a laboratory model car equipped with oscillographic 
recorder, and third, mathematical analysis. 

First, a simple type of oscillographic recorder was built with a 
drum which revolves at a speed proportional to the speed of the 
car and was mounted in the tonneau. Upon the .surface of this drum 
a pencil moves in proportion to the relative motion of the rear axle 
with respect to the car body. With this instrument in action the 
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car was driven over washboards and also over single bumps or de- 
pressions in an otherwise smooth road surface. These tests showed 
(see Figs. 1 to 5) that the natural frequency of vibration of the 
rear axle of a Ford Model T car is about 10.6 cycles per second 
when operating with standard tires and carrying 55 lbs. air pressure, 
and that the rear axle of a Buick Model 48 Victoria with cantilever 



springs and 5.77" tires carrying 34 lbs. of air vibrates naturally 7.8 
cycles per second. The difference is mainly in the weight of the axles. 
Measurements on many cases show that in western basaltic crushed 
rock roads the crests of the corrugations average 28.4" apart. It 
follows that a Ford car axle would vibrate in resonance w^ith the 
washboards when travelling over them at 17.1 miles per hour, or for 
the Buick, 12,7 miles per hour. 

The records secured with the oscillograph while driving over 
washboards were quite irregular due to the many disturbing elements 
such as the effect of the front axle on the body, irregularities in the 
road surface, etc. Figures 6 and 7 show their character and bring 
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out two important points, first, that the rear axle oscillations are 
greater near the speed of resonance, second, that both show the 
vibration to be of the modulated wave type such as is used in radio 
telephony, indicating that the axle is vibrating with two frequencies 
at the same time, its own natural frequency and the frequency with 
which it is passing <nH‘r the washboards. Figure 6 shows that the 




Fig. 4. 


rear axle was vibrating through a range of about vl8" inches altho 
the corrugations were only about one inch in depth. This shows that 
it is quite possible for the tires to drop down into the troughs of the 
corrugations and jump over the cre.sts, but the method used did not 
give any information on this point. It makes it seem likely that 
under the conditions of Fig. 6 at least the tires will exert their 
greatest pressure at a variety of points depending upon the relation 
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of the phase of the natural oscillation to the phase of the impressed 
frequency coming from the road surface. 

In order to bring out these relations more clearly the second 
method of studying the problem was developed in which a model 
was constructed using weights one-fiftieth as great as the actual 
weights of the loaded body of a Ford touring car as supported by 
the rear axle, (1100 lbs.) and the rear axle, wheels and tires, (200 lbs.). 
The “body” (wt. 22 lbs.) was connected to the “axle” (wt. = 4 lbs.) 
by a spring one two-hundredth as strong as the Ford springs (11.85 
lbs. per ft. of stretch) and the tires were replaced by another spring 



Fig. 6. Ford at 20 miles per hour over washboards* * Vs'* to 1*' deep. Maximum 
motion of axle relative to body — 3.82 inches. 



Fig. 7. Ford at 26 miles per hour over ** washboards** Va" to 1" deep. 
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Pig. 8. Labcratczy model. 


in the same proportion (81 lbs per ft ) i:onncctin)? the “axle” with a 
reciprocating lever, (see Fig. 8). This lever can be driven by a 
motor at any speed and the throw can be adjusted to suit. The reci- 



axle vibration is .about 8V2 times tbe depth of the corrugations. The amount 
of friction in the springs is shown by the rate at which free oscillations of 
the axle die out — ^upper curve. Axle velocity about in phase with applied 
force. 
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Fig. 10. Excessive body vibration at 2.2 miles per hour. 


procating lever simulates the “washboards” and in operation the 
performance duplicates at onc-half speed that of the rear end of a 
Ford except that all irregular disturbances from the road and dis- 
turbances caused by the front axle and by side sway, etc. are eliminat- 
ed, and only the imitation of uniform corrugations remains. 

Recording pencils were attached to the “body,” “axle” and “road” 
respectively and records taken. See Appendix. 

Fig. 9 shows the performance at 17.1 miles per hour, showing 
how this speed promotes excessive axle vibration. This is true be- 
cause the frequency impres.sed on the tires by the road coincides 
with the natural frequency of the axle. Fig. 10 confirms the behavior 
of the axle in a startling manner by showing excessive vibration of 
the loaded body when the speed is about 2.2 miles per hour which 



Fig. 11. Model at 30 miles per boar. OscilUtion of axle about one half the depth 
of the corrugations. 
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makes the frequency of passing over corrugations approach the 
natural frequency of the body and springs. It should be noted in 
Figures 9 and 10 that the natural frequencies of the body and axle 
are so different that they do not respond greatly to each other. 

Fig. 11 gives the record at an equivalent speed of 30 miles per 
hour showing that neither the body nor the axle is able to keep up 
with the corrugations and so do not vibrate greatly. This means 
that at high speeds the heaviest pressure of the tires must come at 
the crests of the corrugations although the tire surfaces will more 
nearly follow down into the troughs than these curves indicate 
through their tendency to smooth out the bumps by permitting 
I he crest of the corrugations to sink more deeply into the tire. 
Many records at different speeds were taken bringing out the fact 
that at all speeds below the resonant speed for the axle the blow is 
struck by the tire as the axle swings down and comes into the trough 
of the corrugations. At resonant speed the blow is against the slope 



and at very high speeds is directly on the crest. This is shown 
by Figures 12, 9 and 13. This surprising shift of time relations to- 
gether with other effects, is explained in the following theoretical 
analysis which is the third method of attacking the problem. 

THEORETICAL ANALYSIS 

It is the purpose in this analysis so to state the relations existing 
that the vibratory action of the axle can be determined by calculations 
based upon measurements of the deflection of the springs and tires 
per lb. of load, and the weights of axle and loaded body. This can 
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best be explained by beginning with the fundamental equations of 
oscillatory motion; and pointing out their adaptation to this problem. 

The simplest type of mechanical vibration is that which occurs 
when a mass “m” is supported by a spring which tends to return the 
oscillating mass to its position of rest or equilibrium with a force 
which is proportional to the distance the mass is displaced from its 
position of rest. This results in simple harmonic motion: so-called 



Tig. 13. Model at 20.7 milei per hour. Axle velocity legs behind applied force 
ebont 56**. 

because it is the basis of all musical sound. (Harmonic motion is 
very common because most elastic bodies resist distortion with a 
force proportional to the distortion.) The equations expressing this 
relation of force to displacement may be derived as follows: 

From experiment we know that: 

F = ma (1) 

where “F” is force in poundaN (= pounds force times “g” where “g” 
is 32.2), “m” is mass in pounds, and “a” is acceleration in feet per 
second per second. 

Acceleration being the time-rate of change of velocity, it may 
be written 



dt* 


Where “y” is the displacement or distance of the mass from its 
position of rest. 

Since, in the case under consideration, the force is proportional to 
the displacement **y” and in the opposite direction, we may write, 
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dt* 

where “f” is the restoring force in poundals of the spring per foot 
of displacement of the mass, or 

d*y 

m +fy = 0 (2) 

dt* 

which is the common form of the differential equation of simple 
harmonic motion. Integration gives the more common formulae — 

y=A sin (p't + *1*) (3) 

where p' = 2‘7r/T where “T'" is the time of a complete cycle of 
the motion. Also 

Both (3) and (4) are more commonly derived directly from the 
physical analysis of the motion of the pendulum, and the mechanics 
of circular motion. 

Many conditions arc found which enter in to complicate actual 
cases of oscillatory motion. These complicating causes may be 
divided into three classes. First, those which do not tend to add 
to or subtract from the energy of the oscillation. The most common 
of this class is the case where the spring does not offer a propor- 
tional resistance to displacement. This may be due to the shape or 
condition of use of the spring and is likely to lead to a motion which 
can be approximated by 

d*y 

m L-.+ fy-=:0 

dt* 

where **r” is an exponent which most nearly expresses the relation 
of force to displacement. 

The effect of this deviation of spring resistance from the usual 
law of proportionality is to cause the motion of the body to deviate 
from the simple harmonic law by the introduction of smaller har- 
monics of higher frequency which will usually cause no apparent 
change in the performance, but which will lead to a change of wave 
form and cause the frequency of oscillations to depend somewhat 
upon the amplitude. 



The second class includes all conditions whereby the oscillating 
body is caused to lose a portion of its energy of vibration at each 
point along its path. Proniixient in this class of course is friction, 
which resists the motion of the body regardless of its direction. 
Imperfect elasticity of the springs is another. Friction may be 
found between the leaves of automobile sjirings in a very consider- 
able amount, so that any vibrations set up will be quickly absorbed 
in spring friction. Shock absorbers or “snubbers” are commonly 
applied to increase this effect. 

The motion which results when frictional or similar effects are 
added to an otherwise simple harmonic motion may best be expressed 
by adding a term to equation (2) above, which will express the usual 
condition that the vibration will be opposed, at each instant, by a 
force proportional to the speed of the vibrating body, or 

m -IL. + k + fy = 0 (S) 

dt’ dt 

where “k” is the friction constant. 

This formula mav be stated in words as follows: — 

The rate <»f decrease of velocity of an oscillating body as it 
.swings away from its normal position until it comes to rest at the 
end of its swing is equal to a constant times its velocity because 
of frictional opposition, plus another constant times its displacement 
from normal position. The solution of this equation is found to be 

y — Ac * sin Qt (6) 


k'^ 

where Q’"* = p“ , p equals 2*7rf where f is the natural fre- 

4 

quency with which the axle would vibrate without friction, and 
e = 2.718. 

which is the formula for a damped oscillation. See Fig. 9 upper curve 

This relation holds more closely true for cases where the fric- 
tion is due to a viscious liquid, .such as oil between automobile 
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springs, than in the case of friction between solids such as the leaves 
of dry automobile springs. ♦ 

In the third class of complicating conditions may be placed 
those cases wherein there is applied to the oscillating body a force 
which varies in cyclic fashion, and with a frequency of its own. 
This applied to a vibration which is otherwise simple harmonic 
gives a resulting motion which may be expressed as follows: 
d^y 

m + fy = F sin p t (7) 

dt* 

where “F” measures the maximum value of the cyclic force, “p'" 
indicates its frequency, and ‘*t” is time in seconds. If the other 
complicating conditions discussed above are also present, the formula 
becomes: — 

d*y dy 

-j-k + (y- = F sin p t (8) 

dt* dt 

The right hand member of (8) expresses only the frequency and 
force which the periodic force tries to cause the body to oscillate. 
If F sin p t is the only force present which tends to keep the body 
oscillating, the body will vibrate through p /2'?r cycles per second 
but with an amplitude which depends not only on the strength ot 
F sin p t but on the relation between its frequency and the natural 
frequency of the body when controlled by the springs alone. If, 
on the other hand, F sin p t is a less important force, and the body 
has energy of vibration from another source greater than that given 
it by F sin p t, then F sin p t only modulates the natural oscillation 
of the body. When p' = p and F sin p t tends to act with the free 
oscillation, excessive vibration may result, as in any case of resonant 
or sympathetic response. See Figs. 6 and 9. 

Any or all of these conditions may be present in the case of a 
car running over rhythmic corrugations with the added complication 
that we have two vibrating bodies, the axle and the body with its 
chassis and load, each with a different weight and a different force 

* In this latter case the friction b«t'ween dry leaves is likely to be roughly 
independent of velocity and proportional to the pressure between leaves. Sinoe 
the car body and load are being supported the leaf pressure is much greater at 
one extreme of oscillation when the spring is compressed than at the other where 
the spring is relaxed. This leads to variations of wave shape within each cycle 
but the resultant effect is quite well expressed by formulae <5) and <6). 
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resisting displacement. The difficulty of analysis seems great but 
can be clarified as follows: 

It is a matter of common experience that a car will pass over 
washboards at high speed with very little response on the part of the 
body to each individual bump from the road as shown by Figures 9 
and 13. If we assume the car body to be unaffected we can consider 
the rear axle as being the body under analysis. This axle is subject 
to two spring controls, the car springs and the pneumatic tires; and 
it also has a cyclic force applied to it by the road corrugations acting 
through the tires.* 

The axle is thus set into a forced complex harmonic oscillation 
of the type last described above, in which the natural period of the 
axle as determined by its weight and by the resistance to changes in 
compression of the springs plus the tires is combined with the inde- 
pendent cyclic force caused by the rhythmic corrugations passing 
under the tires. 

In the ideal case where the speed of the car is assumed to be 
maintained constant over a uniform series of corrugations and the 
body is not vibrating, the only cause for oscillations of the axle 
is the corrugations. These will apply a cyclic force thru the tires 
to the axle and will build up in the axle a forced oscillation of the 
applied frequency and of an amplitude which is determined by the 
force applied, the weight of the axle, the strength of the springs, and 
the frictional opposition to oscillation which exists in the springs 
and tires. This is a form of harmonic motion which is expressed by 
formula (8) which becomes: — 

m-i2_ +k +fy = F sin p t (9) 

dt' dt 

whenever the spring resistance is proportional to the deflection. 

Assuming this to be the case it is desirable to determine, if 
possible, the relation which must exist between the motion of the 

The tires perform a very valuable function in smoothing out the effects of 
corrugations, just as they do for all other irregularities, by permitting the crest 
of a corrugation to sink into the tire deeper than the trough of a corrugatioKi. 
does. Thus a very slowly moving axle does not rise and fall by the full amount of 
the corrugation. 
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axle and the road corrugations, both as to amplitude of vibration 
and to phase relation. 

Solution of (9) can be reached most clearly by steps. First, 
assume no friction and no restoring force due to springs. (9) 
becomes: 

dt" 

rn = F sin p t (10) 

dV 

This closely api>roxirnatcs the condition at very high car speeds when 
the axle refuses to vibrate very much because of the high acceleration 


needed at the high frequency if the amplitude is also high. 

dt* 

In other words the force F sin p t does not succeed in causing large 


vibration of the axle when p is large becausq the inertia of the heavy 
axle is such that the force cannot cause much acceleration and 


vibration is therefore limited. 


Integrating equation (10) we have 


the velocity of the axle at any instant is 


— p p ^ (11) 

dt pm 

This shows that the maximum velocity which any force F sin p t 
can set up in the axle is inversely proportional to both p and m; and 
also that this velocity will be a maximum one quarter of a cycle 
after the force is a maximum in either direction. This is shown 
approximately by Figs. 11 and 13 which represent high speed con- 
ditions and shows the axle to be moving upward at its highest 
velocity nearly one quarter cycle after the application of maximum 
upw^ard force. At this speed the inertia offers so much more opposi- 
tion to vibration than the springs and the friction can offer that 
equation (11) is a fair approximation to the case. 


Second, let it be assumed that the axle is so light that its 
inertia may be neglected and that there is no friction or shock 
absorber effect. Formula (9) becomes: 
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fy = Fsmpt (12) 

This indicate^ that the maximum value of the displacement, y, 
comes at tlic instant when the force is a maximum, or, differentiating 
( 12 ); 


f — ; — P h cos p t (13) 

dt 

\vc find tliat the vibrating axle will have its maximum velocity in 
either direction one (luarter cycle earlier than the maximum value of 
y sin p t is exerted in the same direction. This condition is approxi 
mated in Fig. 12 where the friction is made small and the speed 
is so slow that the inertia effect of the axle is small compared with 
the spring resistama* 

Third, in the same wav as^^urne that the frictional resistance to 
vibratitm is made so great that inertia and spring resistance may both 
b<* neglected. Then formula (^)) becomes: 


dy 

k ; 1' sin p t 

dt 


( 14 ) 


vnIikI) shows that the vel(»city is greatest wlun the forte causing it 
is gieatest This is shown in Fig. 14. 




Tig. 14. Besouaut speed witli increased friction. See Fig. 9. 


Now, if it be considered that the applied ftirce i.s resisted b\ 
all three — inertia, friction, and springs — and assumed that the axle 
is vibrating in a definite phase and with a definite amtilitude, use 
can be made of formulae (11), (13), and (14) to express the phase 
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and amount of the total applied force needed to caiuse the vibration 

assumed. Since the velocity of the axle, — ; , is common to all 

dt 


three, — 


dy 


pf 


“COS p t 


“F COS p t 


'sin p t (15) 


dt f pm k 

or, transposing and collecting the expressions for the force needed to 
overcome each component of t)pposition t<» the vibrating velocity, — 


F cos p t + F sin p t 


f 

IP 


-p m 


cly 

dt 


f K 


ciy 

dt 


(16) 


It is seen from (14) that the force to f)vcrcome' frictitjn is in 
phase with tlie velocity and therefore the expression V sin p t may lx 

substituted for the expressinn — ^ snice each expresses the velocity 

dt 

at the instant t, and it is known from (11), (13). and (14) that tlx* 
velocity is a harmonic function. 'J'he second member inav aNo h<‘ 
written in combined form so; 


F sin (p t ^ 0) — 


— p fn I Mr V sin i) l (17) 
P ) 


where <P is the phase angle by which the applied force leads oi lags 
behind th(‘ velocity V, and. 

f 

— — p in 
p 

0 "j: tan 

k 


Formula (16) expresses fully the action of the axle wlxui going 
at uniform speed over uniform corrugations ided further that 

the body of the car is not vibrating nor transmitting any disturbances 
from the front end These conditions apply in the laboratory model 
described above and the curves shown agree in every way with 
formula (17). 


Examination of (17) and Figures 12, 9, and 13 sliow that at a 
certain speed only a small force will be required to cause a maximum 
velocity V in the axle, or, a given force will cause a high velocity or 

f 

amplitude of vibration indicating that — — p rn equals 

P 
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zero, while at either higher or lower speeds the vibration will be less. 

Examination of equations (16) and (17) shows that as p changes 
the phase of V with respect to F sin p t will shift between the 
extremes indicated in formulae (11) and (13). This is shown also in 
the curves. 

In analyzing the curves taken with the laboratory model the 
question first arises as to the relation between the to-and-fro move- 
ment of the lever which supplies the applied force and the actual 
road conditions. It is assumed in all cases, except one for very slow 
speeds, Fig. 10, that the car body moves only horizontally and 
the curves show this to be quite closely true. It will be admitted 
that if the body were permitted to move only horizontally while the 
car was moving so slowly that the inertia of the axle could be neg- 
lected, then the pressure of the road surface against the tires would 
be greatest with the tires on top of the crest of a corrugation. At 
higher speeds the same will be true except for the effects brought 
in by the combined action of the axle inertia and the spring action 
of the tires which tend to set up pressures of their own against 
the road. These latter reactions arc fully accounted for in formulae 
(9) or (17); therefore, the applied force may be taken as being in 
phase with and proportional to the height of the road surface at the 
point of contact. This has been done throughout in the discussion 
of the curves. 

Those who are familiar with the theory of alternating currents 
in electrical circuits will appreciate the complete analogy between 
the electrical circuit phenomena and the mechanical relations estab- 
lished above. 

There are se\cral additional points which must be considered. 
First, just when does the tire do the most cutting on the road 
surface? It seems probable that this happens during that part of the 
cycle when the tire is increasing its pressure, so that if it has started 
slipping and speeding up during the period of light contact it must 
slip under higher pressure until slowed down to normal speed. This 
would indicate cutting at speeds considerably higher than resonance. 

Second, what happens when the tire leaves the ground at high 
speed? During this very short period the body may be considered to 
be free from vertical mo\ement so that the axle would be free to 
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vibrate at a rate determined by the axle and car springs acting alone. 
This will be at a rate only about one third as fast as the. frequencies 
shown, because of the weaker spring action. Therefore, when the tire 
is thrown clear of the road surface it will swing back more slowly and 
begin a series of skips from crest to crest over the corrugations. 
Its motion while doing this will be very complex, being made up of a 
part of a Cycle of free swing followed by a much shorter interval in 
which it is controlled by both springs and tires. Since the contact 
surface of the road rises and falls beneath the tires, the tires and axle 
need not vibrate through any great amplitude during this skipping 
process. The tires are simply being struck a series of blows with so 
great rapidity that there is not time for the axle to vibrate through 
a large amplitude. It will be noted that the tire is not likely to 
lose contact with the road under the‘-c conditions unless the corruga- 
tions are deeper than the total depression made by the crest in the 
tire. 

Third, what happens if the tire jumps off the road surface while 
going at resonant speed or below Below resonant speed such a 
jump will slow down the natural period of the axle sufficiently to 
make its resultant vibration resonant and if it jumps too much it will 
be checked by falling out of step and will so adjust itself to this 
special resonant condition which, as the curves show, will tend to 
cause the heaviest road contact to take place in the troughs of the 
washboards. At resonant speed the tire will either be held to contact 
or will lose its stride and start o\er. The natural periods (^f the 
Ford and Buick cars used were found to be about 10.6 and 7.8 cycles 
per second respectively while the tires are in contact w*ith the road 
and 3.8 and 3.24 cycles per second while the tires are in the air. 

Figure 14 when com])arcd with Figure 9 shows the elTect of in- 
creased- friction, indicating that snubbers or shock absorbers would 
tend to limit the violence of the axle vibration and so reduce the 
tendency to cut washboards. It seems quite probable that the added 
friction given by the various types of shock absorbers will not only 
protect passengers and springs but will reduce distructive tire wear 
due to excessive vibration of the axles and will reduce whatever 
tendency to cut w'ashboards the axle may have at any speed, since 
the excessive vibrations are set up only after passing over several 
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Tig. 16. Building up and dying out of axle vibration. 17.1 miles per hour. 


corrugations (see Fig. 15) so that an efficient vibration absorbing 
device prevents vibration from building up. Thus it will be seen 
that the shock absorber serves a useful purpose for the axle and 
tires as well as adding to the comfort of the passengers. 

The two cars mentioned arc the only ones studied. However, 
one is quite typical of the light car class, having closely the same 
weight of axles as other cars approaching it in weight, while the 
Buick is typical of the heavier cars which run at higher average 
speed and arc more likely to be equipped with shock absorbers. 

The evidence indicates^ that the light cars, driven usually at 
about their resonant speed are the guilty ones in cutting rhythmic 
corrugations as they are found at present. 

Cars with softer tires, tra\elling at higher speeds and usually 
equipped with snubbers of some sort may throw a lot of gravel but 
are an asset rather than a liability so far as washboards are concerned. 

The greater flexibility of the springs now coming into almost 
universal use tend to lower the speed at which the axles are resonant 
with the corrugations and so would seem to correct the trouble but 
there is no reason to think that the corrugations will not adjust 
themselves to new conditions and form with greater distances 
betAvecn crests If car design and car speed tend tow^ard uniformity 
among the different makers the result will be an increase in the 
tendency to cut w’ashboards at whatever spacing bc.sts fits the 
average car at its average speed. Perhaps the increasing use of shuck 
absorbers will more than offset this possibility. 

It is proposed to continue this investigation in order to determine 
more definitely: — 


27 


First — The relative part played by front and rear axles in causing 
corrugations. 

Second — The value of shock absorbers in reducing the tendency 
to form corrugations. 

Third — The speed above which cars of various types do not cut 
corrugations. 

Fourth — The relation of air pressure and tire size to the forma- 
tion of corrugations. 

Fifth — The relation of axle weight and total car weight to rate 
of cutting corrugations. 


APPENDIX 

Details of the Model Car Used 

Fig. 8 shows the model as finally used. The “body” is a ball 
bearing car running with steel wheels on a smooth cast iron track 
so as to be practically frictionlcss. The “axle” is a mass with 
grooved races for rolling balls which roll upon the same track as 
the “body”. The coil spring between “body” and “axle” is pro- 
portioned to represent the springs of the car while the spring 
connecting the “axle” with the vertical reciprocating lever is much 
stronger and is proportioned to act as the “tire”. Stiff rods carry 
pencils which move across the paper record sheet shown. The record 
sheet is traversed by a separate motor seen in the background. The 
springs were made weaker by the ration of 4 to 1 than that required 
by direct proportionality in order that the vibratory action might 
take place at one half the frequency found in the actual car. (See 
formula 4.) I'his enables us to watch the performance to better 
advantage and determine better the adjustments needed in order to 
correctly reproduce the road conditions desired. Friction tending 
to limit the relative motion of the “body” and “axle” in order to 
simulate shock absorbers on the car was secured in the model by 
a simple adjustable sliding friction grip which was attached to the 
“axle” and gripped a rod extending from the *body”. It was found 
in adjusting this that if no friction was present the vibration set 
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up in the axle at resonant speed became to great too permit records 
being taken, even with the ‘washboards” adjusted to a very slight 
^‘depth”. On this account all records excepth Fig. 14 showing snubber 
action, were made with a close approximation to the normal spring 
action as shown by the way the vibrations die out in such cases, 
see Figs. 1 and 2. Damping curves arc shown in Fig. 9 and 14. 
These were secured by setting the axle into free vibration by an 
outside force and taking a record with the “washboard” motor 
stationary. The “depth” of the “washboards” was adjusted by use 
of a crank of adjustable throw clamped in the key-way of the large 
“washboard” motor. 

Many observers of this device questioned the equivalence of 
the model to the actual car because the weight of the “body” and 
“axle” were not borne by the “springs” and “tires” as in the actual 
car on the road. This apparent fault is seen to be absent when wc 
remember that the springs and tires are compressed or extended 
the same amount by an additional force whether the weight is on 
them or not. 
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INTRODUCTION 


Inquiries come to this office for information concerning the 
measurement of water for irrigation. These queries are from farmers 
who are anxious to know whether they are getting the amount of 
water provided for in their contract. 

The methods of measuring water are not familiar to them. 
Farmers are familiar with the process and know when they get true 
weights for their stock and produce, but the measurement of running 
water introduces an element of time that gives trouble. 

To assist such people and to make it possible for them to know 
that they are getting what is due them, the following pages have 
been written 

No attempt ha.s been made to develop or explain formulae. Tech- 
nical terms have generally been avoided and common language used. 
For the scientist, plenty has been written, and the effort now should 
be to put this knowledge into a working form for those who have 
daily use for it. 

Most contracts in this state provide for the delivery of water 
from April 1st to Nov, 1st, a period of seven months, or 210 days. 
The average growing season, during which time water is needed for 
crop production, i.s about four months or 120 days. Consequently, if 
the water-user gets all the water his contract calls for he should get 

as much as he contracts for continuously during the 120 day period. 
If not used continuously during that period, then a further increase 
should be made. If his contract provides for one cubic foot per 
second for 160 acres, continuous flow, service to begin April 1st and 
close Nov. 1st, his land would receive 32 acre-inches of water, or the 
equivalent of 32 inches of rainfall. 

If it were used continuously for 120 days only, the land would 
receive 18^ acre-inches. As the number of days during which water 
is used are reduced, the amount used should be proportionally in- 
creased. In many instances the amount of water provided for in the 



contract is in excess of the demands of the crop. The irrigator has a 
right to all the water he can beneficially use, but not to more than is 
agreed to in his contract. This bulletin in no way undertakes to 
discuss the water needs of the various crops; neither does it offer any 
suggestions as to how to irrigate, or to till the ground so as to con- 
serve the moisture. It gives information only as to how to measure 
water. F^xperienct* has shown that plants need most water during 
June, July and August; that a continuous flow is not needed, is not 
economical, and under good practice is not generally used; conse- 
quently, the farmer’s supply ditches and measuring weirs should b<‘ 
ami>le in size to carry a large head oi water for short periods, so that 
the water not needed in April, May, September and ()ctol)er may bi‘ 
used during the hot months 

Since our statute does not recognize the miner's inch as a unit of 
measurement in the distribution of water, and since there is no .stand- 
ard miner’s inch in use in this state, no definitition will be attempted 
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HOW TO MEASURE WATER 


THE “SECOND FOOT” 

The slate law of Washington provides that in appropriating 
water to ditches the quantity shall he estimated in cubic feet per 
second. The cubic foot per second and decimals thereof not onlv 
provide a legal unit of measure, but one that is uniform the world 
over and slnnild, therefore, be understood by everyoru. It is an 
absolute unit whose' quantity cannot be subject to dispute 

Since the of)ening tlirough a miner’s iiuji measuring box is liabU 
to be cU>gged by iloating weeds and other debris, and since it thert- 
fore fre(iuentl\ fails to deliver the full rated quantity, and thereby 
entails a loss upon the water user, it is generally considered better 
practici to us< a weir ioi measuring water beiause it is vers much 
less liabU to In elioKul bv debris floating in tlu eanal 

'I'u detvrmme tlu quantity of watei flowing in a “tnain, it is 
necessary to mea^'inn the ainoiinl of water passing a definiti point 
lach second oi tinu and multiply that quantity by ihi' number of 
seconds it is flowing. One cubic foot pir second, as is usually pro- 
vided by c»»ntract m this state, means ly'> gallons or (ur cubic foot 
tor every sunmd •>[ tmn Contracts for water for irrigation usually 
call for the water to In (Klivered frtnn Apiil 1st t(> November Isi 

Instead of scales to weigh tlu (luantilv of water that [>asses a 
given point in a stream laeh ^icond of lime, or of a gallon measure 
to measiiri ir lt)» a wen is used, which ateuralily iiua'^iires tin 
amount of wall 1 that flf»w^ (»vtr it each set oiul (»f tinu 

VVe may imagine a trough, flume oi ditch leading away bom a 
river, creek, or lake, and a man dipping water from the stream m* 
lake with a bucket tiolding 7^^ gallons and inniring it into the ditch 
oi flume. If he dips up one bucketful every stautml and poin s it 
into his eanal or fliinu* the stteam flowing awav to his irngattd held 
will be <me ciibie foot p( r second or om “seeonddoDt." as it is 
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sometimes called. Such a stream of water would cover two acres 
of land 12 inches deep every 24 hours. In other words, one “second* 
foot” will cover one acre one inch deep every hour or one acre 24 
inches deep in 24 hours. One cubic foot of water per second, running 
for one hour will deliver enough water to cover one acre one inch 
deep. Three thousand, six hundred cubic feet of water or 27,000 
gallons, will cover one acre approximately one inch deep. 

To speak of a “second-foot” (one cubic foot per second), with- 
out specifying the time or duration of the flow, gives no definite 
information as to the total quantity of water supplied. 

THE “ACRE-FOOT” 

It is often convenient in irrigation to describe a certain vollime 
of stored water. Since the “second-foot” can be used only for running 
water the “acre-foot” has been quite ‘ generally adopted for the 
measure of stored water. This unit represents the quantity of water 
required to cover one acre one foot deep. Since there are 43,560 
square feet in an acre, there are 43,560 cubic feet of water in one 
acre-fool. The acre-foot is a unit of volume, and does not carry the 
time element with it. 

The most accurate and convenient method of measuring small 
streams is by means of weirs. Both rectangular and trapezoidal or 
Cippoletti weirs are in use. The U. S. Department of Agriculture 
generally uses the Cippoletti weir and, on account of its wide use 
among irrigators, this form of weir will be described and tables in- 
serted to determine the discharge. 

If the conditions set forth in the following pages are complied 
with, the worst results should not contain more that one or two per 
cent of error. 

Mr. Ryan in Bulletin 6, of the Montana Experiment Station, says, 
“No device for measuring flowing water has been more thoroughly 
tested and experimented with than the weir, with the result that, 
notwithstanding the simplicity of its construction, we may, by taking 
proper precautions, determine the amount of water flowing over it 
within one per cent.” 
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To secure accurate measurements the following rules should be 
observed, both in selecting the size of the weir and in placing the 
same. 



J’'igures 1, 2, and 3 show a trapezoidal or Cippoletti weir, the sides 
ha\ing a inclination of one horizontal to four vertical. Figure 2 
shows the notch in detail. The line H C is called the crest of the 
weir. The slope (if the sides, A H and C I), is one inch horizontal 
for every four vertical. B C is the length of the weir. In a one-foot 
weir B C is 12 inches long. Figure 3 shows the post from the top 
of which the depth of the water over the crest of the weir is to be 
measured. 


HOW TO INSTALL MEASURING WEIRS 

It is believed that the sketches show the details of construction 
with sufficient clearness to permit of the proper placing of both the 
weir and the post from which the depths are to be measured. (See 
Fig. 3). 
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The dimensions of the flume in which tlie weir is placed will 
be governed by the volume of water to be measured, but in no case 
should the length of the flume be less than 8 feet nor the width be 
less than the width on the surface water line of tlu ditch. The 
bottom of the flume should be level in both directions. Its upstream 
t nd should be placed on grade with the bottom of the ditch so that 



Tic 


water will without e(kli< s or disim hatu i s 'I'lu ihatiiul ot the 

ditch should ha\e *i iiniforiii grade and ( ros-^ steliou for 1(K) feet 
Uf>streiiin fKUu the (luim, if po.ssibh , and its a\is s.|Hiuld pas*, through 
.01(1 parallel to tlu uiiddh rd tlu strnetUK. 

The end and bottom contractions of the '.tieam {mum mg over 
the wedr iiuist he e-oiiij)1ete Tt> secure this* (;i ) "I'lit o])(iiing in the 
weir must be in a i>1atK surface lurpendicular to tlu course of the 
water: (h) the* upsireaui edge must be beveled tei a sliart> crest: (c) 
the distance of tlu crest (d the weir freun the bottom of the flume 


id 


must be three times the maximum depth of the water intended to pass 
over the weir$ (d) the distance from the ends of the crest of the weir 
to sides of the flume should be not less than twice the maximum 
depth of water to flow over the weir. 

The greatest depth of water allowable on the crest of the weir 
should be not more than one-third, or better, one-fourth the length 
of the crest of the weir, and the depth should be not less than three 
inches. Where these conditions arc not met, it would be better to 
use a longer weir where the depth of water flowing over the crest 
is more than one third the length of the weir or a shorter one where 
the flow over the weir is less than three inches. 

The measuring post can be nailed either to the bottom or the 
sides of the flume and should be placed three or four feet back of 
the weir board. Into the top of said post drive a nail, the head of 
which is exactly level with the crest of the weir. In the Cippoletti 
weir it will be noticed that the opening or notch is of regular trap- 
ezoidal form; that is, the top and bottom arc horizontal and the 
'.ides slope at an angle of one inch horizontal to four inches vertical. 

In constructing a weir to measure a given amount of water, the 
first thing is to determine the length of its crest. Suppose one 
second-foot is allowed by contract for each 160 acres of land, and the 
farmer has 40 acres to be watered, then he has the right to 0.25 
second-feet if there is to be a continuous flow of water. If, however, 
it is to be delivered in good big working heads as suggested in an 
other part of this bulletin, then the crest should be to 2 feet long. 

The notch is chamfered and placed w'ith a sharp edge on the up 
stream side and is u.sually backed up by steel or galvanized iron so 
as to offer a sharp edge for the water to pass over. This may be 
done by tacking a .strip of No. 20 or 22 gauge galvanized iron to the 
upstream, or vertical face of the weir. Said strip should be placed 
along the crest and sides of the weir. Care should be taken to so 
place these strips that the opening through which the water flows 
is left the proper size, and that the water in passing touches nothing 
but the sharp edge of the metal. 

The weir-board may be slid in between a pair of guides while 
measurements are made, and it may then be removed. This is an^ 


11 




Fig. 5 



excellent plan when there is rubbish, weeds, mud, etc., in the water. 
By such an arrangement the flume is kept clean and the measure- 
ments will be correct. Where a measuring box is filled with mud 
and rubbish up even with the crest of the weir, the discharge is in 
excess of what it should be and the measurement can not be relied 
upon. 

Sometimes it will be possible by damming up the stream to so 
widen and deepen its section that a weir can be set without the ex- 
pense of a flume. (See Fig. 4). This can only be recommended where 
a temporary measurement is wanted. When such a plan is adopted, 
the weir should be placed at right angles to the current of the stream 
at a point where the channel is straight for some distance above the 
weir, and the current, if any be noticed, should head into the center 
of the overflow space. The water should be brought as nearly as 
possible to a state of rest above the weir by artifically widening and 
deepening the stream. In general the rules governing the placing 
of a weir in a flume should be observed in placing a weir in a stream 
where the flume is not used. 

The intent of the rules for construction and placing of a weir is 
to provide that the cross section of the water in the flume or channel 
back of the weir shall be seven to eight times that of the cross section 
of the water over the crest of the weir, and that the velocity of the 
stream as it approaches the weir shall not be more than one-half 
foot per second. When these conditions obtain, the measurements 
will be satisfactory. 

The accompanying illustrations (Figs 4 and 5) will assist the 
beginner in placing a weir in a stream where the flume is omitted 
In such instances an apron, or paved floor, should be provided to re- 
ceive the falling water, otherwise the dam and weir would likely 
wash out. 


LOCATION OF WEIR 

A measuring weir should be placed on the farm lateral 50 feet 
or more, if possible, below the head-gate which diverts the water 
from the canal. The head-gate should be set to let as much water 
flow over the weir as is des^ired and .should then be locked. 
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HOW TO MEASURE WATER OVER A WEIR 

After the weir has been set and a little time has been allowed 
for the water to reach its highest level, take any common ruler or 
carpenter’s square graduated to inches and eighths, and, holding it 
plumb, measure the depth of water from the top of the nail in the 
measuring post or block, as the case may be. This measurement is 
never made on the weir-board, but always on the peg or block, set 
a considerable distance back from the weir board, as explained else- 
where. 

Suppose the depth is found to be four and one-eighth inches, the 
observer should then follow down the first column in the weir tables 
until inches is reached, then follow that line across the page 
to the column representing the length of the weir and read the dis- 
charge in cubic feet per second. If an 18-inch weir has been used 
he should then follow down column one. to inches and across 
the page to column headed 1}/^ foot weir and read the discharge 
1.00 cubic foot per second. 

If it is desired to measure the amount of water in a stream, before 
building a weir to measure the water, it will be necessary to make an 
approximate estimate of the amount flowing in the stream and of the 
grade of the stream. Suppose it was estimated that the stream was 
flowing 12 cubic feet per second, and the grade was such as to permit 
the placing of a 7^ foot weir. Then on page 21 under column headed 
**7^2 feet,” follow down to 12.03, thence to the left to column two 
which will show a depth of 7-54 inches. A w^eir of this length will, 
with reasonable accuracy, measure one-fourth to six times the amount 
estimated, thus allowing for stream fluctuation. A longer weir might 
be used, but the depth over the crest would hardly be sufficient for 
the best measurement. 

If an irrigator wanted a full head of water with which to irrigate 
10 acres, he should have about two second-feet with which the whole 
ten acres could be watered in about twenty hours. For such a 
quantity of water the crest of the weir should be two feet long and 
the depth over it about inches. On page two of the table, follow- 
ing down the column headed inches, to then to the right to the 
column showing the length of the weir crest to be 2 feet, the ob- 
server will find 2.03 second-feet for the discharge. 
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On pages 7 and 8 the cubic foot per second and the acre foot are 
defined. From said definitions it will be seen that the quantities in 
Table I doubled will give approximate acre feet per 24 hours. Table 
II, however, showing cubic feet per second and equivalent acre feet 
per 24 hours for short length weirs, such as are generally used by 
farmers, has been introduced for the convenience of water-users. The 
irrigator, when watering, wants to know how much water he is putting 
on his land and the table in acre feet will be found most convenient 
for that purpose. If the farmer has made a study of his soil and the 
plant requirements for water, he will be able to put the right amount 
of water on the land. 

Example: Suppose 2^ second feet are turned out at a head-gate, 
how many acres could be watered 4 inches deep in 24 hours? This 
would be water enough to cover one acre 54 inches deep, or 13^2 
acres 4 inches deep, in 24 hours. 

WORKING HEAD 

To get the most out of water and to apply it most economically, 
the farmer should have as large a working head as one man can look 
after, say I to 2 “second-feet” or more, depending upon the ground, 
the skill of the irrigator, and the methods of irrigation. 

For South Idaho, Wayman recommends one to one and one- 
fourth sccohd-feet. Walsh puts the top limit at 2 second-feet. Bliss 
says 2 second-feet for flooding and says irrigators must learn to use 
larger working heads under the rotation system and thus increase 
the efficiency of the water supply. Jessup says to 2 second-feet 
is the size of an average irrigation head in Colorado. Savage says 
it is a demonstrated and accepted fact that each irrigator should be 
given the largest head of water he can economically handle and 
retain it on his land. Sanford says two second-feet is about the limit. 
He further says the delivery of water by rotation is the most practical 
add economical method, both from the viewpoint of the canal 
operator and the water-user. 

If 4 acre-inches per acre be applied to average ground at each 
watering, it will wet the ground about 30 inches deep and put it in 
good growing condition. A working head of 2 second-feet would 
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therefore irrigate 40 acres in about 80 hours, or 160 acres in approxi- 
mately 13^ days. If water, therefore, were distributed by rotation 
on a day interval, large farms would require more than one man 
to attend to the irrigating. 

PROPORTIONED ACCORDING TO TIME 

The ordinary way of delivering a small stream* of water con- 
tinuously not only wastes the water, but squanders the time of the 
irrigator; while it over-saturates the ground near the head ditches 
and leaves the crop to “burn” farthest away. With a large head 
or, supply of water, all one man can conveniently distribute, the 
ground is quickly and evenly wet, and the farmer may then go about 
other duties, a very important one of which js the cultivation of the 
irrigated ground as soon as the surface is sufficiently dried. 

An arrangement between the farmers and the ditch companies 
providing for the distribution of water by rotation, so that each one 
would have a good working head when he wanted to irrigate, would 
be a great economy both to the farmers and to the ditch companies, 
and incidentally make the water now ava,ilable serve a much larger 
acreage. 
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WEIR BOX NS t 

To Measure tro-**. 25*0.50 Second ^ee* 



y'/f/R BoqRO 




BILL OF MATERIAL FOR WEIR BOX NO. 1 


No. of 
pieces 

Actual 

Dimensions 

Feet 

B. M. 

Whore Used 

1 

Remarks 

~ — 

ln.~In. Pt~ In? 




4 

2x12x8 

64 

Lining, Sides 

Lumber, Rough 

3 

2x12x8 

48 

Lining, Sides 

Lumber, Rough 

1 

2x10x8 


Lining, Hottom 

Lumber, Rough 

8 

2x 4x4 2 

22/3 

Sills and Tics 

Lumber, Rough 

8 

2x 4x2 10 

15 

Posts , 

Lumber, Rough 

2 

2x12x4 2 

16/3 

Aprons 

Lumber, Rough 

2 

2x12x3 lYi 

12/ 

Weir board 

Clear Lumber Surfaced 

4 

lx 2x3 i 

1/ 

Cleats, Sides 

Clear Lumber Surfaced 

2 

K 2x3 1 

1 

Cleats, Bottom 

1 Clear T, umber Surfaced 


7 lbs. 20d. nails. 
V^lb.’’ 6d nails. 
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WEIR BOX NS 2 

To from 50 to f ^5 Second Feet 






BILL OF MATERIAL FOR WEIR BOX NO. 2 


No of 
PieceR 

Actual 

Dimensions 

B. M. 
Feet 

Where Used 

j 

Remarks 

1 

In. In. Ft. In. 


1 


6 

2x12x10 

120 1 

Lining, Sides * 

Lumber, Rough 

4 = 

2x12x10 

80 

Lining, Bottom 

Lumber, Rough 

1 

2x 6x10 

10 ; 

Lining, Bottom 

Lumber, Rough 

8 

2x 4x 5 

26^, ! 

Sills and Tics 

Lumber, Rough 

8 

lx 2x 2 6 

17Kt 

Posts 

Lumber, Rough 

2 

‘ 2xl2x 5 

20 

Aprons j 

Lumber, Rough 

2 

2xl2x 4 

16 

Weir Board j 

j Clear Lumber Surfaced 

1 

2xl0x 4 


Weir Board 

1 Clear Lumber Surfaced 

4 

2x 4x 3 4 

lys 

Cleats, Sides j 

Clear Lumber Surfaced 

2 

lx 2x 4 

116 

! Cleats, Bottom 1 

i ' 

1 Clear Lumber Surfaced 


lYz lbs. 20d. wire nails, 
j^lb. 6d. wire nail.s. 



WEIR BOX NS 3 

To fyfeasur^ fr,%m 75 fo 3 5 Second reef 




BILL OF MATERIAL FOR WEIR BOX NO. 3 


No. of 
Pieces 

Actual 

Dimensions 

B. M. 
Feet 

Where Used 


In. lii. Pt~rnr 


*' 

6 

2x12x12 

144 

Lining, Sides 

2 

2x10x12 

40 

Lining, Sides 

3 

2x12x12 

72 

Lining, Bottom 

4 

2x10x12 

80 

Lining, Bottom 

4 

4x 4x 6 4 

34 

Sills 

4 

3x 4x 6 4 

24 

Ties 

16 

2x 4x 4 2 

67 

Post.s 

2 

2xl2x 6 4 

1 2Sy 

Aprons 

1 

2xl8x 5 4y2 

16 

Weir Board 

2 

2xl2x 5 4% 

21/2 

Weir Board 

4 

j lx 2x 3 4 

! 214 

Cleats on Sides 

2 

lx 2x 5 454 

1/3 

Cleats, Bottom 


;ill lbs. 20d. wire nails. 
^Ib. 6d. wire nails. 


Remarks 

Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Clear Lumber Surfaced 
Clear Lumber Surfaced 
Clear Lumber Surfaced 
Clear Lumber Surfaced 
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WEIR BOX 4 

To Measure from /. to fO Second 



Weir Board at 




BILL OF MATERIAL FOR WElR BOX NO. 4 

No. of Actual Feet , 

Pieces I Dimensions B. M. ^V here Lsed ^ Remarks 

I In. In Ft In 1 I 

J ‘ • 

6 j 2x12x16 I *190 Lining, Sidch i Lumber. Rough 

2 i 2x10x16 I 53 I Lining, Sides lAimber, Rough 

4 I 2x12x16 ! 128 Lining, Bottom 

4 i 2x10x16 i 106^3 lining, Bottom 
4 ‘ 4x 4x 7 8 140 8/9 Sills 

4 I -K- 4x 7 8 { JOyi Ties 

10 I 2x 6x 4 4 I 69‘/i I Posts 

2 j 2xl2x 7 8 j 30?{5 I Aprons 

1 j 2xl6x 6 4 1 16 8/9| Weir Board 

2 I 2xl4x 6 4 I 29V« j Weir Board 

4 I lx 2x 2 6 I 1?? I Cleats on Sides 

2 i lx 2v 6 4 I 2’/,i ! Cleats, Bottom C'lear Tvumher Surfaced 

I I ‘ i 

12 Ib.s. 20d. wire nails. I 

1 lb. 6d. wire nails. ! 


Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
Lumber, Rough 
! Clear Ivurnbcr vSurfaced 
Clear I^umber Surfaced 
Clear Lumber Surfaced 



TASJjS XnTMBSB I 

DISOHABQE OVEE GIPPOLETTI TRAPEZOIDAL WEXB 
For Various Lengths and Depths Formula: Q equals 3.367 LH 3-2 



.01 

Vh 

1 . 003 ' 

.01 

! 011 .01 

1 -Oil 

Oil 

031 

01( 

.0*2 

, 0*2 ‘ 

o3> 

o4i 

.()■> 

.02 

‘/I 

, 010' .Olj 

1 -021 

.021 

1 .031 

.041 

.051 

.07 

101 

121 

.14 

.03 


.1)181 .03 

04 .04 

.05) 

.06) 

07 

.09 

.13 

18; 

.22 

.26 

04 

Vis 

, .027 

.041 

.061 .07 

.081 

.091 

11 

.13] 

.20 

.271 

.34 

.40 

05 


< OllHj .061 

.08( 09 

1 Hi 

13i 

15 

.19 

28 

.38 

47 

.56 

06 

2-* 

.050 

.07 

.10 

.12 

1 

.15 

17 

20 

.25 

37 

.49 

.62 

.74 

.07 

lit 

1 .062 

09 

12 

.16 

.19 

.22 

.25 

.31 

.47 

.62 

.78 

94 

OH 

1 

i 0761 .11 

1 .15 

.19 

.23 

27 

.30 

.38 

57 

.76 

95 

1.14 

09 

% 

' .091) 

14| 

1 18 

23 

27 

.32 

.36 

45 

68 

.91 

1.14 

1 36 

10 

, M 

1 107) 

.16] 

1 •-! 

.27 

32 

.371 

.43 

53 

80 

1 06 

1 33 

1 60 

1 1 

1 

i 1 Vh 

1 j 

1 .1231 

1 

.18 

1 1 

1 251 .3l| 

■ 

.37 

.43 

.49 

61 

92 

1 23 

1.54 

1.84 

12 

! Vs 

1 140 

,21 

.'28 

35 

.42 

49 

.56 

.70 

1 05 

1.40 

1,75 

2.10 

13 

' 9-16 

1 .158 

24 

.32 .39 

47 

53 

55 

.63 

79 

1 18 

1.58 

1.97 

2,37 

14 

1 % 

! 176 

26 

.351 .441 

.62 

.71 

.88 

1 32 

1 76 

2 *20 

2 65 

15 

)4 

i 1961 .29) 

391 

.491 

59 

.68 

78 

98 

3.47 

1 96 

2.44 

2 93 

16 

1 % 

( 1 

1 .2161 

32 

1 ) 

43! .541 

65 

75 

86 

1 08 

1.62 

2 15 

2.69 

3 23 

17 

0 

’ 

, 236 35 

1 471 

.59! 

71 

83 

.94 1 18 1 77 

2.36 

2.95 

3.54 

18 


’ 257) .391 

511 641 

1 .77 

90 1.03 

1 2911 93 

2.57 

3.21 

3.86 

19 

' Vi 

j 2791 .421 

56 j 

7o 

841 

9811.1211 H9| 

2 09 

2.79 

3 49 

4 18 

20 

■Vm 

i soil 45| 

60 ! 

75 

90)1 0511 20 

J.Slj 

2.26 

3 01 

3 76 

4 52 


•21 

, 2 Vi 

> 1 

1 324 

49 

651 

81 .97I1 1311.30|1.62!2 

43i 

3 241 

4 051 

4.86 

22 

% 

1 347 

,52 

69 

87 1 04 1.22 1 39(1.7412 

61 

3.47( 

4 34 

5 2 1 

•23 

h 

I 371 

,56 

•741 

93 1.11 1 30| 1.49)1 86(2 

79 

3.71| 

4 64 

5.57 

24 

'h 

i .396 

.59 

79t 

99 1 19 1 39(1 58(1 98(2 

97 

3 961 

4.95 

5 94 

25 

3 

1 421 

63 

84(1 

05 1 26 1 47(1 68)2 10(3 

16 

4 21 

5 26 

6.31 

26 


( 4461 

671 

89I1 

1 1 1 1 

[ 12(1 34 1 5611 7912 23 3 

35 

4.46 

1 

5.58 1 

6 70 

27 

V 4 

' 1721 

71, 

9411 

L 18!1 42 1 65)1.89 2.36 3 

54 

4 72 

5 90 

7.09 

28 

1 

! 4991 

7 51 

1 00 h 

[ 2511 50 1.75|‘2,00|2.49 3 

74 

4 99 

6,24! 

7.48 


29 ; % : :>2«i 79)1 Oojl.IU l.oSjl 84 2.10 2 6313 94 5.26 6 57| 7 89 

:}() % ’.'.31 H.M nil 3811.66(1 94 2 21 I 2 77(4.15 5.53 6 9218 30 

! I ) i i I 

.31 3 Vi 1 ,i 87|1 1611 45fl 74)2.0312 32(2 91(4 361 ^ 7 261 8.72 

32 i 9l|J 22ll 52il 83,2 l.ii2 441.1 05(4. >7( 6 09 7 621 9.H 

3:1 4 I 1 .9611 ‘>811.60)1 9ll2 2312 r>r){3 1914 791 6.38 7 981 9.57 

34 I % j . .11 001,1 3311.6712 00(2 3412.6713 3415 0116 67 8 34|10() 

35 I O . I .n»,j 7412 09l‘2.44i2 79|3.49|5 23 0 97‘ 8 7110 4 

i ; ' i I I 

36 I 4% ; . . |1 09 1 45 1.82 2.18 2 56 2.91 3.64 5.45 7.27 9 09 10.9 

37 : % i 11.14 1.52 1 89 2.27 2 65 3.03 3.79 5.68 7.58 9 47 11 8 

.38 , 9-16 I . , .|l 18 1.58 1.97 2,37 2.76 3.15 3.94 5 91 7.89 9.86 11,8 

39 I % 1 .. 11 23 1 64 2.05 2 46 2 87 3 28 4.10 6.15 8 20 10.2 12.3 

40 I ‘4 |. 11 28 1 70 2 13 2 56 2 98 3.41 4.26 6 39 8.52 10 6.12.7 

41 I 4Tk ! .11.33 1 77 2.21 2.65 3.09 3 54 4.42 6,63 8 84 11.0 13,2 

.42 1 5 I . .jl 37 1.83 2.29 2.75 3.21 3.67 4 58 6.87 9,16 11.4 13.7 

.43 I % i , 1 1.42 1 90 2 87 2 85 3 32 3 80 4 75 7.12 9,49 11 8 14.2 

.44 ! Vi I . 11.47 1 97 2.46 2 ^5 3.44 3.93 4 91 7 37 9.83 12.2 14.7 

45 I % i , :i 52 2.08 2.55 3.05 3 56 4.07 5.08 7.62 10 I 12 7 15.2 

I ! (fill 

46 ! 5>^ (. ..11.58 2.10 2.63 3,15)8.68 4.20 5.25 7.88 10 5 13.1 15.7 

.47 i % 1 . . . 1.63 2.17 2.71 8.25 3.80 4.34 5.42 8.14 10.8 13.5 16,2 

.48 I % I 1.68 2.24)2.80 8.36 3.92 4.48 5.60 8.40 11 2 14.0 16 7 

.49 1 % 1 1 73 2,31 2.89 3.46 4.04 4.62 5.77 8.66 11.5 14.4 17.3 

.50 I 6 ! 11 79 2,3812.98 3.67 4.17 4.76 5.95 8.93 11.9 14.8 17 8 
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DISCHARGE OVER CIPPOIJBTTI TRAPEZOIDAL WElR^ontinu^d 


Por Various Lengths and Depths 


Formula: Q equals S.367 LH 3«2 


Hoad “H" 
on erest 
Measured 
in Still 
Water 


Dierharge in Cubic Feet per Second 


Length of Weir Orest in Feet 



2 

1.84 

2.45 

1.89 

2.52 

1.95 

2.60 

2.00 

2.67 

2.06 

2.75 

2.12 

2.82 

2.17 

2.90 

2.23 

2.97 

2.29 

3.05 

2.85 

3.18 


3.21 


3.29 


3.87 


3.45 


3.53 


3.61 


3.69 


3.78 


3.86 


3.94 


4.03 


4.11 


4.20 


4.29 


4.37 


1 4.46 


4.55 


4.64 


1 4.73 


4.82 


4.91 


5.00 


5.09 


i 5.18 


5.28 


5,37 


5.46 


i 5.56 


5.65 

! : : : ’ 

i . . . 

1 5.75 

i . . . 


7% ! 10 12% 15 


8.07 8.68 4.29 4.90 6.18 9.20 12.2 15.3 18.8 22.0 

8.16 3.79 4.42 5.05 6.31 9.47 12.6 15.7 18.9 22.7 

3.25 8.90 4.65 5.20 6.50 9.74 12.9 16.2 19.4 23.8 

3.34 4.01 4.68 5.84 6.68 10.0 18.3 16.7 20.0 24.0 

3.43 4.12 4.81 5.49 6.87 10.8 18.7 17.1 20.6 24.7 


4.28 4.94 5.64 7.05 10.5 

4.36 5.07 6.80 7.24 10.8 

4.46 5.20 5.95 7.44 11.1 

4.58 5.34 6.10 7.63 11.4 

4.69 5.48 6.26 7.82 11.7 

4.81 5.61 6.42 8.02 12.0 

4.93 5.76 6.57 8.22 12.3 

5 05 5.89 6.78 8.42 12.6 

5.17 6.03 6.89 8.62 12.9 

5.29 6.18 7.06 8.82 13.2 


4.51 5.42 6.32 7.22 9.03 13.5 

4.62 5 54 6.46 7.39 9.23 13.8 

4.72 5.66 6.61 7.55 9.44 14.1 

4.82 5.79 6.75 7.72 9.65 14.4 

4.93 5.92 6.90 7.89 9.86 14.7 

5.04 6.04 7.05 8J)6 10.0 15 1 

5.14 6.17 7.20 8.23 10.2 16.4 

6.25 6.80 7.35 8.40 10.5 15.7 

5.36 6.48 7.50 8.57 10.7 16.0 

5.47 6.56 7.65 8.76 10.9 16.4 

6.68 6.69 7.81 8.92 11.1 16.7 

5.69 6.82 7.96 9.10 11.8 17.0 

5.80 6.96 8.12 9.28 11.6 17.3 

6.91 7 09 8.27 9.46 11.8 17 7 

6.02 7.23 8.43 9.64 12.0 18.0 

6.14 7.36 8.59 9.82 12.2 18.4 

6.25 7.50 8.75 10.0 12.5 18.7 

6.86 7.64 8.91 10.1 12.7 19.0 

6.48 7.78 9.07 10.3 12.9 19.4 

6.60 7.92 9.23 10.5 18.1 19.7 

6.71 8.06 9.40 10.7 13.4 20.1 

6.88 8.20 9.56 10.9 18.6 20.4 

6.95 8.34 9.73 11.1 13.9 20.8 

7.07 8.48 9.89 11.8 14.1 21.2 

7.19 8.62 10.0 11.5 14.3 21.5 

7.31 8.77 10.2 11.6 14.6 21.9 

7.48 8.91 10.4 11.8 14.8 22.2 

7.55 9.06 10.5 12.0 15.1 22.6 

7.67 9.20 10.7 12.2 15.8 28.0 

7.79 9.85 10.9 12.4 15.5 23.8 

7.92 9.50 11.0 12.6 15.8 23.7 

8.04 9.65 11.2 12.8 16.0 24.1 

8.17 9.80 11.4 18.0 16.8 24.4 

8.29 9.95 11.6 18.2 16.5 24.8 

8.42 10.1 11.7 18.4 16.8 25.2 


14.1 17.6 21.1 25.4 

14.4 18.1 21.7 26.0 

14.8 18.5 22.3 26.7 

15.2 19.0 22.8 27.4 

15.6 19.5 23.4 28.1 

16.0 20.0 24.0 28.8 

16.4 20.5 24.6 29.5 

16.8 21.0 25.2 30.3 

17.2 21.5 25.8 31.0 

17.6 22.0 26.4 31.7 

18.0 22.5 27.0 82.4 

18.4 23 0 27.7 33.2 

18.8 23.6 28.3 33 9 

19.8 24.1 28.9 34.7 

19.7 24.6 29.5 85.4 

20.1 25.1 30.2 36.2 

20.5 25.7 30.8 87.0 

21.0 26.2 31.5 87.8 

21.4 26.7 32.1 88.5 

21.8 27.8 82.8 39.3 

22.8 27.8 33.4 40.1 

22.7 28.4 84.1 40.9 

28.1 28.9 84.7 41.7 

23.6 29.5 35.4 42..*> 

24.0 30.1 86.1 43.8 

24.6 80.6 86.8 44.1 

25.0 31.2 87.5 45.0 

25.4 81.8 38.1 45.8 

25.9 82.4 88.8 46.6 

26.8 82.9 30.5 47.4 

26.8 33.5 40.2 48.3 

27.8 84.1 40.9 40.1 

27.7 34.7 41.6 50.0 

28.2 85.3 42.4 50.8 

28.7 36.9 43.1 51.7 

20.2 86.5 43.8 52.6 

29.7 87.1 44.5 58.4 

80.1 87.7 45.2 54.8 

80.6 38.8 46.0 55.2 

81.1 88.9 46.7 56.1 

81.6 89.5 47.5 57.0 

82.1 40.2 48.2 57.8 

32.6 40.8 48.9 58.7 

88.1 41.4 40.7 59.6 

38 6 42 0 50.5 60.6 
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DISCHABGE OVEB CIPPOLETTI TBAPEZOIDAL WElB-^^ontinued 


For Various Lengths and Depths 


Fonniijft: Q equals 3.307 LH 3-2 


Head ‘H’’ 
on crest 
Measured 
in Still 
Water 


Di-sfluir^re in Cubic Feet pel Second 


Length of Weir (h'cst in Feet 


lA X 

© o 
-= 

© p, 

a A 




7 % 


12 y. ir, 


18 


20 


1.01 

12% 

Vi 

8.54 

10 2 

11.9 

13.6 

17.0 

25.6 

34.1 

42.7 

51.2 

61 5 

68.3 

1 02 

8.07 

10 4 

12.1 

13.8 

17.3 

26.0 

34.6 

43.3 

52.0 

62.4 

69.3 

1.03 

% 

8.80 

10.5 

12.3 

14-0 

17.6 

26.3 

35.1 

43.9 

52 7 

63 3 

70.3 

1.04 

% 

8.93 

10.7 

12..J 

14 2 

17.8 

26.7 

35.7 

44.6 

53.5 

64.2 

71.4 

1 05 

% 

9.06 

10.8 

12 6 

14.4 

18 1 

27.1 

36 2 

45 2 

54.3 

65,2 

72.4 

1 06 

12% 

9.19 

11 0 

12 8 

14 7 

18.3 

27 5 

36.7 

45.9 

55 1 

66.1 

73.4 

1.07 

Vh 

9.32 

11.1 

13.0 

14.9 

18 6 

27.9 

37.2 

46.5 

55 8 

67.0 

74.5 

1.08 

13 ' 

9.46 

11 3 

13.2 

15.1 

18 8 

28 3 

37.7 

47.2 

56.6 

68.0 

75.5 

1.09 

% 

9 58 

11.4 

13.4 

15 3 

19.1 

28.7 

38.3 

47.8 

57.4 

68.9 

76.6 

1 10 

Vi 

9 71 

1 1 6 

13 5 

15 5 

19.4 

29.1 

38 8 

48 5 

58 2 

69.9 

77.6 

1 11 

13'»/h 

9 84 

11.8 

13.7 

15 7 

19 6 

29.5 

39.3 

49.2 

59 0 

70.8 

78.7 

1 12 

% 

9 98 

ll 9 

13.9 

15 9 

19 9 

29 9 

39.9 

49 8 

59 8 

71.8 

79.8 

1 13 

9-16 

10.1 

12 1 

14.1 

15.1 

20 2 

30.3 

40 4 

50 5 

60 6 

72.7 

80.8 

1 14 

% 

10 2 

12 2 

14 3 

16 3 

20 4 

30 7 

40.9 

51 2 

61.4 

73.7 

81.9 

1 ir> 


10.3 

12.4 

14,5 

16 6 

20.7 

31 1 

41 5 

51 9 

62 2 

74.7 
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DlSOHilBOB OVER OIPPOLETTl TRAPEZOIDAL WEXE-^Oontinued 


For Various Lengths and Depths 


Forpiula: Q equals 8.S67 LH 8*2 
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PISOBAfiOS OVSB CIPPOLETTI TBAPEZOIPAL WEIB— -Continued 
For VorlouB Lengths and Depths Formula: Q equals 3.367 LH 3-2 
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2.49 



, 

99.2 

132 1 

165. 

198. 

238 

264. 

2 50 

30 



99.8 

3 33 1 

106. 

199 

239. 

266 



TABLE NUMBER IX 

DISCHAROE OVER CIPPOLETTl TRAPEZOIDAL WEIRS 


In Cubic Pect per Second. end Equivelent Acre Feet per 24 Houre 


. - 








V 

“S 


Length of Weir in Inches 











dpproxi 

depth 

Weir 

inch< 

s a> 

o«*-» 

1-2 

6 Indies 

^ Aero ft 

Cu, ft. per 

12 J 

Ou. ft. 

nches 

Acre ft 
per 

18 Inches 

.e* lAcre ft 
Cl ft. po. 


P 

per sec 

24 hours 

per sec. 

24 hours 

per sec 

’24 hrs 

% 

01 

0 002 

0.003 

0 003 

0 007 

0 005 

0.010 

!4 

.02 

.005 

.009 

.010 

.019 

.014 

.028 

% 

,03 

.009 

017 

.018 

.035 

026 

052 

% 

.04 

013 

.027 

027 

053 

04 0 

.080 

% 

.05 

.019 

037 

.038 

075 

.056 

.112 

% 

06 

.025 

.049 

.050 

.098 

.074 

.147 


07 

03 1 

062 

062 

r>4 

(19.4 

isn 

15*16 

OH 

038 

076 

076 

.151 

.114 

.227 

1 1-16 

09 

.045 

.090 

.091 

.180 

.136 

.270 

1 

10 

.0.5,1 

106 

.107 

21 1 

16') 

317 

1 516 

11 

.061 

122 

123 

.244 

.184 

.865 

1 7-16 

,12 

070 

.139 

.140 

.278 

.210 

.416 

1 9-16 

13 

079 

. 1 .57 

158 

.313 

.237 

.470 

1 11 16 

.14 

088 

.175 

.176 

.350 

.265 

525 

1 13 16 

15 

098 

194 

196 

388 

293 

582 

1 l'-16 

16 

108 

214 

2 1 (’» 

4 ‘>7 

3 ‘>3 

641 

2 M6 

17 

118 

234 

.236 

468 

354 

.702 

2 ;M6 

18 

129 

255 

257 

510 

.386 

.765 

2»^ 

.19 

139 

277 

279 

.553 

.418 

.830 

2 K 

20 

151 

299 

.0)1 

597 

4.') 2 

898 

2% 

21 

162 

321 

324 

643 

.486 

964 

2% 

1 22 

174 

345 

347 

689 

521 

1 03 

2% 

1 23 

Iho 

368 

371 

737 

^,57 

1 10 

2% 

i .24 

198 

393 

1 396 

i 785 

594 

1 17 

3 

2 5 

i 

210 

417 

421 j 

835 

631 

1 2.^. 


1 26 1 



446 

885 

669 

1,32 

■TU 

1 27 



472 1 

937 

.709 

1 40 


28 


' 

499 I 

989 

.748 

1 48 


1 29 



526 

1 04 

,789 

1.56 

‘i% ! 

! 30 

! 


553 1 

1.09 

.830 

1.64 

1 

% ! 

1 31 



581 1 

1.15 

.872 

1 72 

3 IJMH j 

! 32 



609 

1 20 

.914 

1 81 

3 15-16 : 

33 



638 • 

1 26 

.957 

1.89 

4 1 16 1 

1 .34 



667 

1 32 

1,00 

1.98 

4 :M6 I 

35 

- i 


.697 

i 1 38 

1 04 

2.07 

t 5 16 

' 36 

1 


1 727 

1.44 

1.09 

2.16 

4 7 16 

37 



1 758 

1 50 

1.13 

2.25 

4 9 16 

1 38 



i 789 

1 56 

1.18 

2 34 

4 11-16 

1 39 



1 820 

1 62 

1.23 

2 44 

4 13-16 

1 .40 


i 

1 852 

1 68 

1.27 

2.53 

4 15-16 

41 

1 

. 1 


884 

1 75 

1.32 

2 63 

5 1-16 

.42 

! 1 

I 

916 

; 1 81 

1.37 

[ 2 72 

5 3-16 

; 4 3 

i 1 

i 

9 19 

1 88 

1 42 

1 2 82 

5»4 

44 

' . ' i 

1 

983 

1.94 

1.47 

2.92 

6% 

45 

1 

‘ ! 

1 01 

2.01 

1 52 

3.02 

5 V« 

1 40 1 

! 

1 . . 1 

1 . i 

1 1.05 1 

t 2 08 

1 1 57 

1 3 12 

5% 

.47 


! . . . 1 

1 08 1 

2.15 

1 1 62 

3.22 


48 1 


1 . 1 

1 1 12 1 

t 2 *'2 

1 1 *‘7 

i 3 33 

5 % 

.49 1 

' ; ' i 

... 1 

1.15 1 

2.29 1 

1.73 

8.43 

6 

50 1 

... 1 

.. 

1 19 1 

2.36 

1,78 

3.54 


M 



TABLE NITHBEB n — Continued 
DISOHABaB OVER OlPPOLETTl TRAPEZOIDAL WSXBS 


In Cubic Foot per Second and Eauivalent Acre Feet per 24 Hours 



j ^ 

1 





1 a> 

Length of Weir in Inches 



S S d « 

^ "M 

. 




J®-=S 

gS-S-S 

5 e-ss 

- ® 

6 

Inches 

12 

Inches 

18 Inches 

5.S 

A 

Q 





•*1 

Cu. ft. 
per sec. 

Acre ft. 
per 

24 hours 

Cn. ft. 
per sec. 

Acre ft. 
per 

24 hours 

Cu. ft. 
per sec. 

Acre ft. 
per 

24 hours 


.51 





1.83 

3.64 


.52 





1.89 

8.75 


.53 





1.94 

3.86 


.54 





2.00 

8.97 

6% 

.56 





2.06 

4.08 

6% 

56 





2.11 

4.19 

6 13-16 

.57 





2.17 

4.31 

6 15-16 

.58 





2.23 

4.42 

7 1-16 

.59 





2.28 

4.53 

7 3-16 

.60 





2.34 

4.65 

7 6-16 

.61 





2.40 

4.77 

7 7-16 

.621 




2.46 

4.89 

7 9-16 

.63 





2.52 

5.00 

7 11-16 

.64 



. . .* 


2.58 

5.12 

7 13-16 

65 





2 64 

5.24 

7 16-16 

66 





2.70 

5 37 

8 1-16 

.67 





2.77 

5.49 

8 3-16 

.68 




. . 

2.83 

5.61 


.69 

. 




2 89 

5.74 

6 % 

.70 

. .. 




2.95 

5.86 


.71 





3.02 

5.99 

8% 

.72 

- 




3.08 

6.11 

8% 

.73 





3,15 

6.24 

8% 

.74 





3 21 

6.37 

9 

.75 





3.28 

6 50 


76 








.77 







0% 

.78 







9% 

.79 







9% 

80 







9 % 

.81 







9 13-16 

.82 







9 16-16 

.83 




* ' ' - 



10 1-16 

.84 







10 3-16 

.85 




.... 



10 6-16 

.86 




1 



10 7-16 

.87 




.... 



10 9-16 

88 




1 



10 11-16 

.89 







10 13-16 

.90 







10 15-16 

.91 


... 





11 1-16 

1 .92 







11 3-16 

.93 







11% 

94 







11% 

.95 







11% 

.96 





i 


11% 

.97 







11% 

.98 







11% 

.99 







12 

1 00 










TABLE miMBBB II — Continued 
DISOBULBOB OVBB OIPPOLBTTI TBAFBZOIDAL WEIBS 


In Cuble Beet per Second and BquiTalent Acre Beet per 24 Hours 


s 

1 I 

1 % 



Length of Weir 

in Inches 



« C3 c 

l®”S 



















H.0 

0 ^ 

24 IncheK 

30 Inches 

48 Inches 

36 Inches 

£ e-S c 

g^»-- 

< 

X) «: 

, 

™ Acre ft.; 

Cu. ft. per 

Cu. ft. j 

Vcre ft. 
per 

On. ft. 

Ure ft. 

per 

-- - Acre ft 

Cu. ft 


P 1 

per 8«c.i 

24 hr&..l 

per sec j 

24 hrs. sec. 

24 hrs. l>er sec 24 hrs 

% 1 

01 1 

,007 1 

1 1 

.013 

1 1 

008 

1 1 
016 j 

1 1 

.010 ! 

1 1 

1 .020 

1 

, 01!i 

1 ~~ 

1 <'26 

% 

02 

.019 

.038 

.024 

.047 

.029 

.057 

038 

075 

% 

.03 

.035 

.069 

.044 

.087 

.053 

.104 

.070 

.139 

M. 

.04 

.054 

.107 

,067 

.183 

.081 

.161 

.108 

.213 

% 

.05 

.075 

.149 

.094 

.187 

.118 

224 

.161 

.299 

% 

.06 

099 

,196 

1 .124 

.245 

148 

294 

.198 

.393 

13-16 

.07 

.125 

247 

' .156 1 

.309 

.187 

371 

.249 

495 

15-16 

.08 

.152 

.302 

j .191 

.378 

229 

.453 

305 

.604 

1 1-16 

.09 

.182 

.361 

1 227 1 

.451 

.273 

.641 

.364 

721 

1 3-16 

.10 

.213 

422 

266 1 

528 

319 

633 

426 

845 

1 5-16 

.11 

246 

487 

307 

.609 

369 j 

731 ' 

491 * 

974 

1 7-16 

.12 

.280 

.555 

.350 i 

694 

.420 1 

.833 1 

.560 ! 

1.11 

1 9-16 

.13 

.316 

620 

.395 

.782 

.473 1 

939 

631 

1.25 

1 11-16 

.14 

1 353 

700 

441 

874 

529 

1 1 01 

1 7 

1 30 

1 13-16 j 

.15 1 

1 

1 391 

' 1 

776 

.489 

970 1 

.587 j 

1 16 

782 

1 55 

1 15-16 i 

1 

.16 

1 

.431 

855 

.539 

1 06 , 

646 

1 28 

.862 

1 70 

2 1-16 1 

17 

472 1 

936 

590 

1 17 

708 

1 40 

944 

1 87 

2 3-16 

18 

.514 

1 02 

.643 

1.27 

771 

1 52 

1 02 

2.03 

2'A 1 

19 

558 

1 10 

,697 

1 38 

837 

1.65 

1.11 

2.21 

2% 

1 

.20 

1 1 

602 

1 19 ^ 

1 

.753 

1.49 

.903 

1 79 

1.20 

2.38 

2^ 

1 

.21 

j 

648 

1 

1.28 

.810 * 

1 60 

972 

1.92 

1.29 

2.57 

2% i 

22 

695 

1.37 

869 

1 72 

1 04 

2 06 

1 39 1 

2.75 

2% 

.23 

743 

1.47 

928 

1 84 

1 11 

2 21 

1 48 

2.94 

2 % ! 

.24 1 

792 i 

1 57 i 

990 

1 96 1 

1 18 1 

2 35 

1 1.58 

3.14 

3 

1 

1 25 

1 H42 

1 1 

' 1 6b 

1 05 

2 Os 

1 2r. 

1 1 

2 50 

* 1 68 

' 3 33 


26 

1 1 

893 

1 1 

1.77 

1 1 

1 11 

1 1 
1 2 21 

1 1 

1.33 

2.65 

1 

1 78 

3.54 

314 

.27 

945 

J 87 

1 18 

2 34 

1.41 

2 81 

1 88 

3.74 

3% 

28 

998 

1 97 

1.24 

2 47 j 

1 49 

2 96 

1.99 

3 95 

3 V 2 

29 1 

1 05 i 

2 08 j 

1 3] 

2 60 

1 57 

3 12 

2 10 

4,17 

3% 

30 

1 1 

1 1 10 

1 J 

2 19 ' 

1 1 

1 38 

2 74 ' 

1.66 

3.29 

2 21 

4.38 

3 •■’4 

1 

31 1 

1 1 

1.1b 1 

1 

2 30 1 

1 45 1 

2 88 

1 74 

3 45 

2 32 

4 61 

3 13-16 

32 

1 21 

2 41 i 

1 52 

3 02 

1.82 

3 62 

2 43 

4 83 

3 15-16 

33 

1 27 

2 53 

1 59 

3 16 

1 91 

3 79 

2 55 1 

5 06 

4 1-16 

.34 

1 33 

2 64 ! 

1 66 

3.31 

2.00 

3 97 

2.67 

5 29 

4 3-16 

35 1 

1 1 

1.39 1 

1 1 

2 76 1 

1 1 

1 74 1 

1 1 

3 45 

2 09 

4 14 1 

2 78 ! 

5,53 

1 

4 5-16 

1 1 

36 1 

1 1 

1 45 1 

1 1 

2 88 1 

1 1 

1 81 

3.60 

1 

1 2 18 

4 32 

2.90 

5 76 

’ 4 7-16 1 

.37 1 

1 51 j 

3 00 j 

1.89 

3 75 1 

1 2 27 

4 50 

3 03 

6.01 

4 9-16 1 

38 

1.57 

3 12 

1 97 

3 91 i 

2 36 

4 69 

3 15 

6 25 

4 11-16 1 

39 

1 64 1 

3 25 

2.05 

4 06 

1 2 46 

4 87 

3 28 

6.50 

4 13-16 1 

40 1 

1 70 j 

3 37 j 

2 12 

1 

4 22 

1 2 55 

1 5 06 

1 1 

3 40 

6 75 

4 15-16 

41 ' 

1 76 

3 50 

1 

2 21 

4 38 

2 65 

1 5/25 ' 

3 53 

7.01 

5 M6 

.42 

1 83 

3 63 

2 29 

4 54 

! 2 74 

1 V 15 

3 66 

7 27 

5 3-16 

.43 

1 89 1 

3 76 

2.37 

4.70 

1 2 84 1 

1 5 64 1 

3 79 ! 

7 53 

5*4 

44 1 

1 96 

3 89 

2.45 

4 87 

2.94 1 

5 84 j 

3 90 ! 

7 79 

5% 

.45 1 

1 

2.03 1 

4 03 

2 54 1 

5.03 

3 04 ! 

6 04 1 

4 06 1 

1 

8 06 

1 

5 % 

46 

j 

2 10 i 

4.16 

j 

2.62 

5 20 

1 3 1:> 

i 6 2,5 

4.20 

1 8 33 

:>% ! 

.47 

2.17 

4 30 

2.71 

5 37 1 

! 3.25 

1 6.45 1 

4,33 

8.60 

i 

.48 

2 23 1 

4 44 

2 79 

.5,55 

1 3 35 

6.66 1 

4 47 

8.88 

% j 

.49 

2.30 1 

4.58 

2,88 

5.72 

! 3 -16 

6 87 I 

4.61 

9,16 

6 ! 

50 

2 38 1 

4.72 

2 97 

5.90 

1 3 57 

7.08 1 

4 76 

9 44 



TABLE NUMBEB ll-^OonUuaed 
DISCHABGE OVER CIPPOLETTX TRAPEZOIDAL WEXES 


In Cubic Peet per Second and Equivalent Acre Feet per 24 Hours 



’5 



iienjprth of Weir in Inches 



e 

s *.2 «> 

(LjX 

1 

ft Z 

o<M ; 

24 Inches 

! 

30 Inches 

36 Inches 

48 In«9ies 

2 A V a 

< 

-C c; 




Xcre f 
I>er 





fii I 

Co. ft 

Acre ft. 

! per 

' Cn ft 

Cu. ft. 

!.4ere ft,' .JAcre ft 

per C“ «| 


O 

por Hcc 

24 hrs. 

per sec. 

24 hns. 

per see. 

2-1 ht’s. 

>er sec 

24 hrs 


.51 

2 45 

4 86 

3 06 

6 0 

3.67 

7 2 

4 9 

9.7 


52 

2 52 

5 00 

3.15 

6.2 

3 78 

7.5 

5.0 

10.0 


.53 

2 59 

5.1.5 

3 24 

6,4 

3.89 

7.7 

5 1 

10.3 


.54 

2.67 

5 30 

3 34 

6 6 

4 00 

7 9 

5.3 

10.5 


55 

2 74 

5,44 

3 43 

«» 8 

4 12 

8 1 

5.4 

10.8 

6% 

.56 

2 82 

5 59 

3 52 

6.9 

4.23 

8.3 

5.6 

11 1 

« 13- ]G 

.57 

2.89 

5.74 

3.62 

7 1 

4.34 

8.6 

5 7 

11.4 

6 15-16 

.58 

2 97 

5.89 

3.71 

7.3 

4 46 

8 8 

5.9 

11 7 

7 1-16 

.59 

3.05 

6 05 

3 81 

7 5 

4.57 

9 0 

6.1 

12.1 

7 3-16 

.60 

3 12 

6 20 

3 91 

7 7 

4 69 

9 3 

6 2 

12 4 

7 5-16 

61 

3.20 

6 36 

4.01 

7 9 

4 81 

9 3 

6.4 

12.7 

7 7-16 

62 

3 28 

6 52 

4.10 

8.1 

4 93 

9 7 

6,5 

13.0 

7 9-16 

63 

3 36 

6 67 

4.20 

8 3 

5 05 

10,0 

(5 7 

13,3 

7 11-16 

64 

3.44 

6.83 

4 30 

8 5 

.5.17 

10 2 

f. 8 

13 6 

7 13-16 

65 

3 52 

6 99 

4.41 

8 7 

5 29 

10 4 

7.0 

13.9 

7 15-10 

.66 

3 61 

7.16 

4 51 

8 9 

.» 41 

10 7 

7.2 

14 3 

ft 1-16 

.67 

3 69 

7 32 

4 61 

9.1 

5 53 

10 9 

7 3 

14 6 

8 3-16 

68 

3.77 

7 48 

t 72 

9.3 

5 66 

11.2 

7 5 

14.9 

8*4 

69 

3 85 

7 65 

4 82 

9.5 

5 78 

11 4 

7.7 

15.3 

«% 

.70 

3,94 

7.82 

4.92 

t 7 

5 91 

11 7 

7 8 

15.6 

8 

1 71 

1 02 

7 99 

5 (Ki 

9 9 

6 01 

11.9 

8 0 

15.9 

8% 

72 

1 11 

8 If. 

5 14 

10 1 

6 17 

12.2 

8 2 

16.3 

8% 

8t; 

73 

1 20 

8 3 3 

” 25 

30 4 

6 30 

12.4 

8 3 

16,6 

71 

4 ‘ix 

K 50 

.5 .35 

Mj 6 

<1 42 

12 7 

8 5 

17 0 

9 ! 

75 

4 37 

.8 67 

5 46 

10 8 

li 5(» 

13 0 

8 7 

17 3 

OVm 

76 



5 57 

1 1 0 

6 r»9 

13 2 

8 9 

17 6 

9^4 i 

77 



1 5 68 

: 112 I 

6 82 

13 5 

9 0 

18 0 

9«/s 1 

7H 

1 

1 

5 79 1 

! 115! 

6 95 

13. 8 

9 2 

18 4 

9*^ 1 

79 



5 91 1 

1 11 7 

7 09 

14 0 

9 4 

18.7 

9% 

80 

1 

1 

- 6 1)2 

1119 

7 22 

14.3 

9 6 

19 1 

9% ' 

81 


1 1 

6 n 

1 12 1 ! 

7 36 1 

1 

14 6 

9 8 

19 4 

9 13-16 

82 


i ’. ' 

6 25 

i J 2 3 

7 50 

14 8 

10 0 

19 8 

9 15-16 

.83 



») 36 

} 12 6 

7 63 

15,1 

10 1 

20.1 

10 1 10 

84 


1 

6 48 

t 12 8 

7 77 

15 4 

1 0 3 

20 5 

10 3-16 

.8.5 


1 1 

h 59 

1 13 0 

1 1 

! 7 91 

1 5 6 

U) 5 

20 9 

10 5-16 

86 



6 71 

1 

1 13 3 

1 8 05 

15.9 

10.7 I 

21 3 

10 7-16 

87 



6 83 

: 1 3 5 

I 8 19 

15 9 

1 0 9 

21.6 

10 9-16 

,88 



6 91 

i 13 7 

8 33 

16 5 

11 1 

22 0 

10 11-16 

89 



7 06 

1 1 4 0 

8 48 

16 8 

11 3 

22.4 

10 13-16 

] 

90 

t 1 



7 18 

1 

114 2 

1 1 

8 62 

17.1 

] 

11 4 

22 8 

10 15 16 i 

91 ' 

i 

1 

1 

7 30 

14 4 i 

8 76 

17 3 

11.6 

23 1 

11 J-16 

92 

1 

; _ 1 

7 42 

1 4.7 

8.91 

17.6 

11 8 

23 5 

11 3-16 I 

93 i 


1 

I 7 54 

11.9 ! 

9 05 

179 

12 0 

23 9 

11’^ i 

.94 1 

! j 

i 

7 67 

15 2 

9 20 

18 2 1 

12.2 

24.3 

11% ] 

95 ! 

j 



1 7.79 

1 5 4 

9.3.5 

18.5 1 

1 

12 4 

24 7 

11% - 

1 96 ! 

1 1 


i 7.91 

15 7 

1 9 50 

18 8 1 

12 6 

25.1 

11% i 

1 97 1 

! - • 1 


! 8 04 

15 9 

9 64 

19 1 1 

12.8 

25.5 

11% 

1 .98 


1 

1 8 16 

16.1 

9.79 

19.4 

13.0 

25.9 

1178 1 

99 


1 ... 

1 8 29 

16 4 

9 94 

19.7 1 

13.2 

26.3 

12 

I 1 00 

! - • 


1 8 41 

16 6 

10 10 

20.0 

13.4 

26.7 



TABLE miMBBR lI~Contiuu«d 
BZSCHABaB OVER OIPPOLBTTI TRAPEZOIDAL WEIRS 


In Cubic Feet per Second and Equivalent Acre Feet per 24 Hours 


■S ) 

•1 • 


Leiicth of Weir in Inches 


2 S.S « i 

. 








c S ' 




1 



Approxi 

depth 

weir 

incht 

0«M , 

30 Inches 

36 Inches 
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AN EXTENSOMETER AND 
COMPRESSOMETER OF THE HYDRO-STATIC 

TYPE 

INTRODUCTION 

In order to isludy the physical properties of the materials used 
in construction, it is necessary to measure the changes in their 
length caused by known changes in tensile or compressive stresses 
applied to them 

These changes in length are very small and require accurate 
measurements which have been accomplished in the past (1) by 
direct mechanical means such as a system of multiplying levers or 
trains of gears operating indicating diaK all of which are combined 
into a compact instrument that is clamiied over a definite length of 
the specimen or structural member to be tested; (2) by combining 
optical systems such as the micrometer miscroscope or the mirror 
type ojitical lever with Miitalde clamping devices to form a magnify- 
ing extensometer Ml of these depend upon direct lever ratios or 
combined lever and light beam magnification in simple ratio. 

The instrument here described was designed and constructed 
in the laboratory and shops of the State College of Washington, and 
operates on the hydro-static principle Tt has the advantages that 
(1) it compensates accurately for bending action f)f the specimen 
within the gage length while many of the mechanical types that 
clamp on one side or one face of the member to be tested are 
affected by bending or column action; (2) it can be readily changed 
to different magnifying powers to suit the particular accuracy needed, 
reading with good acturacy and sensitivity in each case, even to 
one millionth part of an inch, (3) it is flexible and easily and quickly 
set up where many similar specimens are to be tested, such as con- 
crete cylinders from construction jobs, 
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DESCRIPTION 


The instrument works on the hydro-static principle that a definite 
quantity of liquid tends to maintain its volume constant. It consists 
essentially of one or more flexible metallic bellows filled with a 
suitable liquid and so arranged that the change in dimension to be 
measured causes a change of length in these bellows. If the bellows 
are compressed, liquid is forced out into a gage glass of small 
diameter so that the, change in length of the bellows is greatly 
magnified. This magnification is the ratio of the total cross sectional 
area of the bellows to the cross sectional area of the inside of the 
gage tube used. This ratio, stated in another way, is the ratio of 
the square of the diameter of the bellows multiplied by the number 
of bellows used to the square of the diameter of the glass tube into 
which the liquid is forced. 

The general arrangement of the apparatus as used for determ- 
ining the change of length of concrete cylinders is shown in figure 1 
and consists of two parts; the actuating part that is clamped on the 
concrete cylinder, and the reading or gage board. 



Figure 1. View of the Complete InRtniTnent as Constrnrterl for Compression 
Tests of ('oiierete (’ylintier^ 
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The actuating mechanism consists of two rings, parts 1-1, Fig. 
1, which are clamped to' the cylinder at the proper gage length, 
(ten inches as illustrated), by three set screws in each ring, shown 
as part 2, Fig. 2. The set screws are clamped tight in their threads 
by cap screws, shown as part 3, Fig. 1. Between the clamping rings 
are three equally spaced metallic bellows, parts 4-4-4, Fig. 1-2, 
attached to ears on the clamping rings. The upper end caps of the 



Filfure 2 End View of Actual Mechanism, Showing the Relative PoMition of the 
Bellows, riamping 8crew’.>, Spacing Bars and Connecting Tubes. 

bellows arc bolted solidly to the ears of the upper ring while the 
lower end caps are drilled and threaded to receive a ^4 inch round 
rod, shown as parts 5-5-5, Fig. 1, which pass down to the ears on 
the bottom end and have a spherical seat adjusted with spring 
pressure shown at point 6, Fig. 1. This allows for self alignment 
and causes minimum distortion of the bellows. 

Three spacing bars, shown as parts 7-7-7, Fig. 1, welded to the 
bottom ring and w’ith the double shoulders at the upper end, are for 
the purpose of spacing and holding the clamping rings at the proper 
gage length when the instrument is not in use and while setting up. 
When clamped to the cylinder the cap screws at the upper end, parts 
8-8-8, Fig. 1, are loosened and the spacing rods spring away from 
the upper clamping ring allowing the clamping rings to move with 
the concrete during the test. 
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Small metal tubes, parts 9-9, Fig. 2, pass between the three 
bellows and have direct connection to the liquid inside, allowing 
free flow of liquid between the bellows. 

At the central bellow's a connecting fitting, pf)int 10, Fig. 2, is 
inserted into the liquid system and a tube passes from this fitting 
to the gage board. This tube is small and flexible allowing the gage 
board to be set at a convenient distance from the actuating mech- 
anism. 

The gage board is fitted with a valve body, a reservoir, a bi- 
liquid reservoir, a gage glass, and a scale. 

The valve body, part 1, Fig. 3, contains a needle valve for the 
reservoir, part 2, Fig. 3, an adjusting piston, part 3, Fig. 3, w’hich 
allow^s adjustment of the liquid column to zero, and a needle valve, 
part 8, Fig. 3, to cut out both the adjusting piston and reservoir so 
that communication is direct from the actuating mechanism to the 
gage glass. The reservoir, part 4, Fig. 3, w'hen open to the system 
allows the free flow' of liquid from the actuating bellows to the reser- 
voir and permits the adjustment of the clamping rings without loss 





of liquid from the system and prevents air from entering the system 
through the gage glass. It is always open except during the actual 
reading period. 

The bi-liquid reservoir, part 5, Fig. 3, is for the purpose of using 
a desirable liquid in the gage glass different from the liquid in the 
bellows system Because of its low coefficient of expansion, and 
chemical inactivity, it is desirable to have distilled water in the 
bellows system. 

Carbon tetra-chloride diluted to a specific gravity of about 1.5 
with benzene and colored with “pitot red” is a desirable liquid in the 
gage glass. The bi-liquid reservoir with w’ater on top and the 
manometer liquid in the bottom allows this combination. 

The gage glass, part 6, Fig. 3, passes from the bottom of the 
bi-liquid reservoir either at a slight incline as illustrated or vertically, 
(the vertical type, using water in the gage glass, has been very satis- 
factory for all ordinary tests). 

By substituting a gage glass of different diameter the magnifying 
power can be readily changed and the instrument made suitable for 
various materials or various accuracies desired. 

OPERATION 

The sequence of operation of the instrument is as follows: The 
gage board attached to a floor stand is moved to the testing machine 
and located in a convenient position. The flexible metal tubing 
permits the actuating part of the instrument to be moved at wdll. 
The concrete cylinder is placed on the bed of the machine ((^r on a 
movable table adjacent to it) and the clamping rings are set over 
the cylinder. The set screws of the upper and lower rings are 
in turn screwed to solid contact with the cylinder. The set screws 
are then clamped tight in their threads. The spacing bars are 
loosened and the cylinder w’ith the apparatus attached is set up 
between the heads of the machine. 

The needle valve for the reservoir is now closed and the adjust- 
ing piston screwed until the liquid level is at zero on the scale. 
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Finally the cut out needle valve, part 8, Fig. 3, is closed and the 
test is ready to proceed. 

The above operations require less than ten minutes with an ex- 
perienced operator. 

The initial filling of the instrument requires more time and care, 
but once it is filled and the gage board is not detached from the 
actuating bellows it can be used in routine testing indefinitely With 
consistently accurate results. 

The operations described apply to testing of concrete cylinders. 
The actuating part of the instrument has been used for testing steel, 
cast iron, and other metals, and for this purpose is made by using 
the same principle but with smaller clamping rings so as to receive 
diameter and smaller specimens. It is used with 4 or 8 inch 
or any gage length by using different lengths of connecting rods, 
(shown as part 5, Fig. 1,) a** the gage length demands These con- 
necting rods can be readily changed. 

When making compression tests the i^ero at the end of the scale 
nearest the valve body is used and when making tensile tests the 
liquid zero is at the opposite end and the level approaches the valve 
body as deformation takes place. 

If the gage glass is not long enough to complete the test, the 
test is interrupted long enough to screw the adjusting piston until 
the liquid level is returned to zero and the readings are added to 
the last reading before adjustment. By this method an unusually 
long test range can be obtained The gage glass, however, is suffi- 
ciently long to carry the test well beyond the elastic limit of the 
material. 


RESULTS 

Figure 4 shows the results of two tests of concrete cylinders 
(6" X 12") that were taken with small load increments to show 
the ability of the instrument to make fine measurements. 

Extraordinary care was not used in making these tests; in each 
case the instrument was set to zero with zero load, which is different 
from the ordinary method of testing in which the instrument is set 
to zero at the first increment of load. The readings of the gage 

to 



Unit D^fbrmatitm in iTfiHwriffis at an Inch per Inch. 

FiKun* 4. Unit Strphs-strnin DiH^rtiin Sh<i\vin>{ Rt'Milts of (’oinpression Tests on. 
Two <U' X VJi** ('ouiTete <’> liiuiei 

glass for test H were made by a ditTcreiit individual than for test A, 
the latter being entirely without experience in U'^ing the instrument. 

Curve A shows the beginning of the unit stress-strain diagram 
for a concrete cylinder having an ultimate unit strength of 1822 
pounds. In this case the secant modulus of elacticity at a unit stress 
of 600 pounds per square inch was 3,280,000 pounds t>er square inch. 
Curve B is a similar stress-strain diagram for a concrete cylinder 
having an ultimate strength of 3700 pounds per square inch and a 
secant modulus of elasticity at a unit stress of 1270 pounds per 
square inch, of 4,000,000 pounds per square inch 

The testing machine used is considered sensitive to ten pt>unds 
at light loads. The swinging of the beam had considerable effect on 
the reading at any one load value which showed the extreme 
sensitivity of the instrument. With unit stress increments of only 
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17.66 pounds per square inch and the variable factors mentioned it 
is clear that there are several causes providing the variations of 
points from the mean curves in Figure 4. 

Cur\c‘^ obtained from steel and (»ther materials show the same 
constancy as the ones shown in Figure 4. 

FACTORS IN DESIGN 

Several jirobleins manifested themselves in the design and in 
the operation of tins instrument and these will be taken up in order. 

(1) Magnification. 

The magnifying pinver of the instrument ft)r any given diameter 
of gage glas^ can be calculated; however, due to the difficulty in 
determining the exact working diameter of the bellows and the 
diameter of the gage glass, the best niethod of determining the 
magnifying power is by direct calibration. This can be done by 
placing the instrument on a known test bar, with a Bureau of Stan- 
dards certificate, or by determining the movement of the rings of 
the actuating instrument in respect to each other with a dial indicator. 
Obviously the latter method is limited by the accuracy of the dial 
indicator and the set up. 

The calculation method c»f determining the magnifying power 
will be used to show how the substitutions of different gage glass 
will give the magnification value desired. 

The instrument as illu.strated has three bellows with an area of 
.95 square inches each Assuming a gage glass of 3mm diameter; the 
bellows have 

3 X .95 X 645 2 ~ 1842 sq mni. area 

The 3 mm gage glass — 7.069 sq. mm. area 
1842 

magnifying power ~ 7059 ™ 260.5 

Similarly a 2mm diameter gives 586.0 magnifying power 

a Imrn diameter gives 2345.0 magnifying power 

and a y 2 mm diameter gives 9380.0 magnifying power 

f 

ror convenience a metric scale has been used although other 
graduations could be employed. Using the mm as the minimum .scale 


12 



value then 1 mm on the scale with the 3 mm gage glass gives 
1/260.5 X 1/25.4 = 1/6,620 or .000152 inch change in length on the 
specimen. 

Simarly 

1mm on the scale with a 2mm diameter glass gives .0000670 in. 

1mm on the scale with a 1mm diameter glass gives .0000167 in. 

1mm on the scale with a ^mm diameter glass gives .00000418 in 

on the specimen. 

With a test length of 10 inches the above values become 

3mm glass tube; .00001 52'Vinch. per mm. 

2mm glass tube; 00000670"/inch. per mm. 

1mm glass tube; .00000167Vinch. per mm. 
yiimm glass tube; .00000041 SVinch. per mm. 

The tubes can be interchanged by loosening three screws and a 
packing gland, the tube drawn out and a new one inserted. 

(2) Air Entrainment. 

Th<‘ success of operation of the instrument depends upon the 
incompressibility of the contained liquid. If air bubbles arc caught 
in the corrugations of the bellows or lodged in other parts of the 
system the containing liquid becomes compressible and the instru- 
ment constant will vary accordingly. 

This problem has been satisfactorily met by rapid agitation of 
the bellows lengthwise during the filling operation and by ai)plying 
heat to the bellows after filling until steam is produced which will 
carry away the air 

(3) Thermometer Action. 

The large volume of liquid in the bellow^' will expand with 
changes in room temperature and will cause a rise of liquid in the 
gage glass. This is partially compensated by the expansion of the 
copper bellows so that this problem is not so vital as might seem 
and the instruments so far used in our regular laboratory work have 
had no further compensation. 

The comparatively low thermal expansion coefficient of distilled 
water along with its chemical inactivity make it a very desirable 
liquid in the bellows. 
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The problem can be expressed mathematically as follows: 

Let Vc = Volume of the bellows 
Vw = Volume of the water 

Then Vo = Vw= Volume of the contained water. 

Let Kw = Cubical thermal expansion coefficient of water 
kc = Linear thermal expansion coefficient of copper 
a = Area of the gage tube 

he— w = Change in height due to expansion in bellows and 
water respectively. 


Then, when 


V. = Vw 

Vw Kw 

— ^ == lu, the change in height on the gage glass pei 

degree Fahrenheit due to the expansion of the 
water and the result is positive with increase in 
temperature. 


2Vo ko 
a 


h<, the change in height due to expansion of 
copper container and t^he result is negative with 
temperature rise. 


ht 


total change = 


Vw Kw 
a 


ht 



(Kw — 2kc) 


(The 2 appeals on 
account of the 
copper bellows 
being free to ex- 
pand along two 
principal axes 
only.) 


Equation (1). 


Using the instrument as illustrated with three bellows and the 
1 mm gage glass: 

Vr = Vw = 2.10 X 3 = 6.30 cu. inches. (2.10 = Volume of 

one bellows deter- 
mined experiment- 
ally.) 

Kw (cubical) between 60® and 80® Fahrenheit = .0001245 per 
degree Fahrenheit. 

kc (linear) = .00000928 per degree Fahrenheit, 
a = .785 sq. mm. or 001217 square inches. 
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Using equation (1) 

h. = 0012*17 (•««01245 — 2 X .00000928) 
ht == .548 inches = 13.92 mm. rise per degree Fahrenheit 
increase in temperature. 

This value seems high but in the actual use of the instrument it 
is found that trouble from this source has not been so pronounced 
as might be expected due to the room temperature remaining fairly 
constant for the period of the test; in fact the great majority of the 
tests made in the laboratory during the past year have not required 
temperature corrections Correction can be made easily if desired 
by reading the change in height on the gage glass each minute for 
several minutes before and after loading and by noting the minute 
intervals during the test and correcting the gage reading accordingly. 
In all cases the instrument is left in the laboratory continuously so 
that all parts and liquid filler are at room temperature when tests 
are started. 

COMPENSATION FOR TEMPERATURE 

It is desirable to eliminate most of the thermometer action when 
especially accurate work is to be done and a small bore gage glass 
used. By displacing the water contained in the bellows by a low 
tcnijjcraturc coefYicient substance, a large portion of this expansion 
effect can be eliminated. Obviously the less water present in the 
bellows of a given dimension, the less the effect of temperature will 
be; so by placing a hollow cylinder as a filler inside each bellows 
and attached to the lower end cap thereof, the expansion effect can 
be reduced to a very small amount If this filler is made of a material 
such as Invar, the effect of change of temperature can be eliminated 
without in any way affecting the operation of the instrument. 

If: 

kr — Ijneai thermal expansion coefficient of filler metal 
(XKXK)0662 for Invar per degree Fahrenheit so 

\f rr V<>lumc of the fiiller to be placed in the bellows 

Then for this case: 

Vw = V. — V, 
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Then (Vc -- Vf) K 
a 


and 

and 


3Vf kr 

a 

2V. k. 


— hw = Expansion of water as registered on 
gage glass. Result is positive, 
hf = Change in height on gage glass. Result is 
positive. 

ho = Change in height on gage glass. Result is 
negative. 

= ht 

Vc (Kw — 2kc.) — Vf(Kw — 3kf) = aht 
Substituting, using kf == ,000000662 for Invar 
Vo (.0001059) — Vr (.0001225) = 0 
Vc == 6.30 cu. in. 

.0006674 
.0001225 


(Vc — Vf) Kw , 3Vf kf 2Vcko 
Then - + ■ a “ 


V, 


5.45 cu in. or 86.3% 


In other words 86.3% filling of the bellows with Invar metal is 
necessary in order that expansion of the water will show no change 
in height on the gage gla.ss. 


Let Vf = .65 Vc be the practical limit of displacement with a 
convenient size of bellows 

$ 

Vc (.0001059) — .65 Vc (.0001225) = ha 
ha = .0000263 Vo 
h = .136 inches 

or 3.46 mm on the gage glass per degree Fahrenheit change in 
temperature. With specimens ten inches long this is equivalent to 
00000579 inches per inch of length. 

For all laboratory work where greater refinement than this is 
necessary the connecting rod, part 5, figure 1, can be replaced by a 
combination of invar and aluminum rods so that no precautions 
need be taken to avoid temperature efiPcct except at extreme room 
temperatures. 


Complete removal of temperature effect at all temperatures can- 
not of course be accomplished because of the variable coefTicient for 
water and would be necessary only in the case of long time, tests. 

Calculation shows the effect of temperature on the liquid in the 
copper and glass tubes to be negligible. 
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CONCLUSIONS 


The instrument has been through a development period of 
nearly two years. 

During this time it has been used by the students of engineering 
in the regular instructional program in common with four other 
instruments of standard design. It hu'^ been found to be conv'enient 
and free from annoying uncertainties and takes its ])lace willi any of 
the others as a regular instrument fnr rapid student or comniecrial 
testing. The author ha^' tabulated the results obtained by these 
students for the last semester of the college year of 1927-28 and the 
results obtained with the hydro-static type were very gratifying even 
though the instrument was undergoing development. 

So far as known at the present time, there is no instrument of 
the hydro-static type that luw been applied t(» the reading of de- 
formations in tensile or compre-'Mve tests, and consequenllv an appli- 
cation for patent has been madi 
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A SURVEY OF 

FRUIT COLD STORAGE PLANTS 
IN CENTRAL WASHINGTON^ 


By H. J» Dana 


Introduction 

The raising and marketing of fruit and of apples especially^ is 
the most important industry of Central Washington, and of certain 
other sections of the State as well. As is true in any new and rapidly 
growing industry the lack of well established practice and custom 
in fruit cold storage has opened the way for a difference of opinion 
as to what is the best practice or the best and the most economical 
type of storage for successful fruit handling. 

At the urgent request, in 1927, of members of the fruit industry 
of Washington, the Engineering Experiment Station made a survey 
of Fruit Packing Plants in Central Washington. At the same time 
a preliminary survey was made of cold storage plants.f During the 
summer of 1928 the request was again made for further studies of 
cold storage plants. 

In response to this request, the Engineering Experiment Station 
in 1928 undertook an “Industrial Efficiency Survey” of some twenty- 
two Fruit Cold Storage Plants in Washington. In this survey it was 
attempted to discover the present practice in the industry and wherein 
the present plants could be operated more efficiently, or could 
be made to deliver more refrigeration for the same or less power 

* The author wishee to acknowledge the very valuable cooperation and asaiat- 
ance, in making thia survey, which was given by Mr. Noel Bakke of the Wenatchee* 
Okanogan Cooperative Federation, and by Mr. L. 0. OockeriU and Mr. Curtis Aller, 
both of the Yakima Fruit Growers* Association. 

t Bee Bulletins No. 28 and 24 listed on page 88 and which contain reports 
of the 1927 surveys. Bulletin No. 28 is profusely illustrated with drawings. 
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cost. The following report is written for the information of those 
who have to do with the owning or operating of fruit cold storage 
plants, but who do not have the opportunity or the desire to make 
themselves proficient in the theories of refrigeration. Attempt is made 
to give comparative data on the different types of plants inspected and 
to set forth the salient features of each. 

Some information is included which will perhaps be of interest to 
fruit men in other sections of the United States and to others within 
the State of Washington who contemplate the erection of fruit cold 
storage plants 


Size of Cold Storage Plants 

The needs for fruit cold storage are becoming more and more 
urgent every year so that sizes and capacities of plants are being 
rapidly increased. At the present time, capacities range on the aver- 
age from 100 to 300 carloads of boxes — one carload being 756 boxes. 
However many additions are being made and larger new plants being 
built every year, showing a tendency toward larger size units. Only 
one-third to one-half the cold storage plants in each district were 
included in this survey but those visited were representative in size 
and type. 

The power demand of the refrigerating machinery of a cold stor- 
age plant depends upon the size and capacity of the plant. In general 
the total power demand will probably not exceed 2 H. P. per ton* of 
refrigeration delivered. 

Types of Fruit Cold Storage 

There are two general types of fruit cold storage plants in use 
in Central Washrington; namely, the direct expansion type and the 
indirect expansion type. 

The direct expansion type of refrigeration makes use of am- 
monia expansion coils located usually on the ceiling of the rooms to 
be cooled. Such rooms usually are not provided with artificial ven- 
tilation or an air circulating system. While there are a few direct 


* One ton of refrigeration capacity repreaenta the ability to transfer the 
amount of heat required to melt one ton of pure ice at 82 degrees F. to water at 
32 degrees F. in 24 hours. One ton of refrigeration is equal to 288,000 B. T. U'a# 



expansion plants for fruit in more or less successful use at the pres- 
ent, the common practice seems to favor the indirect type of refrig- 
eration, The writer knows of at least one such plant which is soon 
to be converted to the indirect system. Objection to direct expansion 
systems seems to rest in the fact that there is greater danger of 
frosted fruit near the ammonia coils, and also that the best apple 
‘itorage requires a certain amount of artificial circulation of air which 
the direct expansion system does not provide for 

The indirect system of refrigeration is divided into two general 
types. The older type is known as the dry-air bunker system. The 
newer type, which is also rapidly gaining favor over the dry-air bunk- 
er system is the brine-spray bunker system. It must be recognizxd 
that “older” and “newer” are strictly relative terms since the whole 
fruit refrigeration industry in Washington has been developed large- 
ly during the last fifteen years — and most of it during the last six 
to ten years 

Dry-Air Bunker System 

A dry-air bunker system provides a separate room or bunker in 
which all of the ammonia expansion coils are placed. By means of 
one or more power fans the atr is circulated, first through this bunker 
room and cooled and then through the cold storage rooms where it 
takes up heat, after which it is again circulated through the bunker 
room, etc. 

Brine- Spray Bunker System 

In the brine-spray system the ammonia coils are of the low 
resistance type and are cither submerged in a brine tank or arc 
located just above it. By means of a motor driven pump the brine 
is forced through a large number of spray heads located above the 
brine tank. In the case of the exposed coils, this spray impinges 
upon them and part of it trickles down the pipes to the tank. In the 
other case the spray drops directly back into the tank. The air to be 
refrigerated is circulated through the brine spray and is cooled by 
intimate contact with the finely divided drops of brine. By means of 
properly shaped baffles, the air as it leaves the brine spray is purged 
of the brine held in suspension so that it goes to the cold storage 
rooms free of excess moisture. 
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Comparative Features 

Dry-Air Bunker Brine Spray 

Large bunker space required. Small bunker space required. 

Low suction pressure. High suction pressure. 

Must defrost periodically. No defrosting of coils. 

Frosted coils are inefficient. Unfrosted coils are most ef- 

ficient. 

Leaking ammonia quickly goes Leaking ammonia absorbed by 
through the storage rooms. brine and kept from fruit. 

No brine pumps needed. Must have brine pumps. 

No eliminators needed. Must have eliminators. 

No brine to maintain. Brine must be maintained. 

Large amount of ammonia Smaller amount of ammonia 

needed. needed. 

Less compressor efficiency. High compressor efficiency. 

Larger compressor capacity Lower compressor capacity 

needed. needed. 

Same fans needed to move the air in either type plant. 

Same ducts used to the storage rooms in either type plant. 
Approximately same humidities obtainable with either system. 
Total H. P. used is approximately the same for both types of 
plants. 

Period of Operation of Cold Storage Plants 

In Central Washington, the cold storage season opens in July 
and August with cherries, peaches, apricots and pears. These arc 
practically all sent to market by September when the apple season 
begins. Apple storage continues from September through the winter 
until March and April. Some varieties of apples are placed on the 
market early in the fall — being held in storage but a few days, while 
other varieties, coming into storage in the late fall are kept for the 
spring trade. 

From the above, it will be seen that from May to July, or two 
to two and a half months constitutes an idle period for the fruit cold 
storage plant. 

During the period from July to November, being the warmest 
part of the storage season, the plant is engaged in receiving packed 
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fruit at varying degrees of temperature. The refrigerating capacity 
of the plant carries its peak load during this period owing to the 
fact that it must cool the warm incoming fruit and supply the build- 
ing beat leakage losses as well as the losses attending the taking 
in and shipping out of fruit through open doors. During the winter 
the refrigeration load is greatly reduced owing to lower outside air 
temperatures and also because of the fact that the receiving of fruit 
has ceased. Therefore, it is necessary to design the refrigeration 
equipment to have sufficient capacity to handle the peak load during 
the fall season. During the remainder of the season a comparatively 
small part of the capacity is utilized. To meet these conditions, it 
is customary to divide the compressor capacity into two or three 
separate units — usually of different sizes, giving flexibility of control 
and insuring against a total shut-down in case of trouble with a 
compressor. 

For the storage of apples, it is desirable to maintain the tempera- 
ture at 30 to 32 degrees F. During the receiving season, it is 
practically impossible to maintain uniform temperatures day and 
night. At such times, the temperatures often rise to 34, 36, or 38 
degrees in the receiving room during the day time, but arc lowered 
during the night. 

Reversing the Air Circulation 

In many fruit cold storage plants, where the indirect system of 
refrigeration is used the cold air is brought to the room to be re- 
frigerated through properly sized ducts, and is discharged into the 
room through a number of ports located at or near the ceiling. 
The cold air settles to the floor, allowing the air warmed by the fruit 
or by building heat leakage to rise to the ceiling and through other 
ports to enter a set of warm air ducts leading back to the bunker 
room. It is customary in the designing of many plants to locate 
the cold air ducts at the ceiling at two opposite sides of the room 
and the warm air ducts at the ceiling through the center of the room. 
This causes a circulation of air to take place as shown in Fig. 1. It 
will be evident that under this system fruit at B and C will be kept 
cooler than at A, Also, in the attempt to keep fruit at A at the 
proper temperature there is a chance of frosting fruit at B and C. 
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Since it is desirable to maintain the temperatures as nearly equal as 
possible at A, B and C, some plants have been designed so that the 
air can be reversed periodically — say to be operated for two hours 
with cold air entering through the two outside ducts and warm air 
leaving through the center duct. Then for the next two hours, intro- 
duce cold air through the center duct, and take out warm air through 
the two outside ducts. In this way it is contended that danger of 
frosting is reduced to a minimum and furthermore “warm pockets" 
are practically eliminated. This is practical especially where the air 
ports are located in the sides of the ducts as showin in Fig. 1. 



Reversing Mechanism 

In order to reverse the circulation of the air through the duct 
system it is necessary either to reverse the flow of air through the 
entire system including the fan and bunker room, or by means of 
cross ducts to switch the warm and cold air ducts leaving the air 
to flow always in the same direction through the bunker room and 
fan. 


10 






In the first case, by the use of propeller, or ventura type fans, 
as shown in Fig. 2, the reversal of the fan itself by means of a re- 
versing switch on the motor will accomplish the reversal of the air 
flow throughout the entire system. 



Fig. 2. Reversing the air flow through cold storage rooms by means of re- 
versible fans. Oround plan of bunker room and ducts to cold storage rooms. 
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In the second case, by the use of special cross ducts and dampers 
the flow of air can be reversed in the ducts to and from the rooms 
while continuing in the same direction through the bunker room and 
fan as in Fig. 3. 



Fig. 3. Bevorsing the air flow throagh cM storage rooms by means of 
cross duets and dampers. Ground plan of bunker room and ducts to cold storage 
rooms. 
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The propeller type fan lends itself to easy reversal by reversing 
switches on the motor. However, because of the necessary design 
of its blades it will not move as much air in reverse as in direct. 
It is also very inefficient in delivering air against the usual back pres< 
sures encountered in cold storage practice. On the other hand while 
the multi-blade type fan cannot be reversed, it is far more efficient 
in the quantity of air handled per H. P. used. The comparative fea- 
tures of the two systems are cited below. 


Comparative Features of Two Air Reversing Systems 


Propeller Type Fans 

Low horse power efficiency with 
consequent heating of the air by 
churning. 

Consequent high power bills. 

Two or more units give flexibility. 

High first cost of system. 

Minimum of space required for 
fans. 

Easily reversed by changing 
switches. 

Lower air volume on reversal 
than on direct with attendant 
warming of the house. 

Multiple units guarantee against 
absolute break down. 

Motor power heat losses discount 
several tons of refrigerating 
capacity. 


Multiblade Type Fans 

High horse power efficiency with 
consequent minimum heating of 
the air. 

Consequent low power bills. 

One unit gives no flexibility ex- 
cept by changing pulley sizes. 

Lower first cost of system. 

Cross ducts and fan require ad- 
ditional space 

Reversal requires manual opera- 
tion of dampers in both ducts. 

I'ractically no difference in air 
volume in direct or reverse, 
with house temperature kept 
constant. 

Break down puts entire air sys- 
tem out of commission. 

Motor power heat losses discount 
minimum of refrigerating ca- 
pacity. 
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Additional Points of Comparison for Brine Spray Systems 


Propeller Type Fans 

Requires two expensive elimin- 
ators. 

Extra eliminator increases fric- 
tion and static head of system. 


Multiblade Type Fans 

Requires only one eliminator. 

Minimum of friction or static 
head in system, with consequent 
minimum of heating of air and 
minimum of fan H. P. required. 


Fan Efficiencies 

Where an indirect system of refrigeration is employed, it is 
necessary to use a power fan to accomplish the required circulation 
of the refrigerated air. It is customary to design an air system for 
this purpose on the basis of approximately 1000 C. F. M. (cubic feet 
per minute) of air per ton of refrigerating capacity. The average size 
plants, therefore, in use in Central Washington will require from 
30,000 to 60,000 C. F. M. of air to be handled by the fan. The static 
pressure under which most of the installations surveyed were found 
to operate was to water pressuVe. Under these conditions 
the most economical fan to u.se is the multivane, or “sorocco” type, 
of which there are several good, and well-known makes These fans 
are carefully designed to move the greatest quantity of air with the 
least friction and churning and consequently with the smallest pf>s- 
sible power demand. 

However, it is very important, in the interest of economy of 
operation, that the correct size fan be chosen for a gi\cn installation 
For instance, in a certain plant, a small size and efficient fan of 
modern make, operating at high speed delivered 25,000 C F. M. of air 
against W. P. and required 18 H. P. delivered to the motor. With 
the proper size fan, the same amount of air could be delivered at the 
same pressure with a power demand of 6^4 H. P. This indicates 
that H. P. have been wasted in churning the refrigerated air, 

which in turn results in heating the air. The power schedules in 
Central Washington are such that the average cold storage company 
will pay approximately $5.00 per H. P. per month for power. At this 
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rate the correct size fan in the above instance would effect a monthly 
saving of $57.50 in power cost. 

In addition to the power bill saved, the larger size fan saves IV /2 
H. P. of heat from being put into the refrigerated air as compared 
with the smaller fan. Each H. P. of heat represents .213 tons of 
refrigeration, or 2.45 tons of refrigeration was required in the above 
instance to overcome the unnecessary llVl H. P. used by the smaller 
fan. This means the cold storage rooms in that plant got 2.45 tons 
less of refrigeration than the capacity of the engine room with the 
result that the fruit temperatures could not be so well controlled. 

Furthermore, the use of the small size fan not only results in a 
practically idle, or “dead”, investment of 2.45 tons of refrigerating 
capacity, averaging perhaps $400 per ton investment but it requires an 
additional power bill of approximately $18.(X) per montli t(» operate 
this “dead” investment. 

Briefly then, the undersize fan will: 

1. Unduly heat the refrigerated air. 

2. Cause an excessive fan power bill. 

3. Absorb refrigerating capacity of the compressors. 

4. Give no returns for power cost to operate this “dead” invest- 
ment. 

Propeller type fans while very efficient in moving air at very low- 
back pressures, should be considered in the class with undersize fans 
discussed above when working at the static pressures found in re- 
frigerating practice, namely, to of water pressure 

Cold Storage BuOding Construction 

The function of a cold storage building, aside from providing 
sheltered storage space, is to prevent the flow of heat from an outside 
source to the commodity to be stored. To accomplish this object, use 
is made of some type of building material which is a poor conductor 
of heat. 

The structural part of the usual cold storage building may be 
of wood, stone, brick, tile or concrete, or a combination of any or 
all of the above. Most of the cold storage plants in Central Washing- 
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ton are constructed cither of brick, of brick and hollow tile, or of 
concrete. In most brick or hollow tile buildings, concrete is used also 
as the foundation material. Brick and hollow tile and concrete, while 
serving as excellent building materials, are also comparatively good 
conductors of heat, and therefore are not suitable alone as insulators 
against the flow of heat into the cold storage space. To provide the 
necessary heat insulation on the walls and floor and ceiling of a 
cold storage plant, an added thickness of good heat insulation is 
usually provided. 

Among other things, the virtue of a good heat insulator for cold 
storage lies in its ability to entrap very small bodies of air, the latter 
in finely separated form being recognized as one of the most ef- 
ficient heat insulators in use. For this reason large air spaces in 
partitions do not serve as well as if these spaces were packed with 
some material which entraps the air in finely divided portions. 

There are several insulating materials commonly used in cold 
storage plants in Central Washington. The most efficient, and at the 
same time the most expensive material used is corkboard. The next 
most commonly used material is planer shavings. 

In Table I. is shown the comparative heat loss through various 
insulating materials used in cold storage buildings.* The heat loss 
is in British Thermal Units per hour per square foot of material one 
inch thick and at a difference of temperature of one degree Fahrcii • 
heit between the two sides. 


Table 1. 


Material 

Air — no circulation 

Corkboard 

Wood 

Brick 

Concrete 

Planer shavings 

Air space in partions 


Heat Flow B. T. U. per hr. 
per sq. ft. per degree 

.167 
0.317 

1. 000 

4.000 
8.300 
0.420 

1.000 to 1.700 


* Data taken from Handbook of Bofrlgeration, by H. J. Maeintire. 
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Relative Humidity 


The term relative humidity is intended to designate the per- 
centage of moisture by weight which the air contains as compared 
to the maximum weight of moisture which the same air at the same 
temperature could carry without precipitating. This capacity of air 
to hold moisture increases with increase of temperature. In fruit cold 
storage plants it is conceded that 85% relative humidity in most cases 
is most desirable for the proper preservation of fruit. Higher humidi- 
ties tend to promote diseases of the fruit while lower humidities tend 
to draw moisture out of the fruit and thereby cause undue shrinkage. 

There is considerable misunderstanding as to how the relative hu- 
midity of the cold storage room may vary under different operating 
conditions. For instance, a cold storage room which has been closed 
for two or three days and the temperature of which has reached a 
stable low value may show a relative humidity of 84% to 86%. If a 
quantity of warm fruit were to be introduced into this storage room 
the temperature of the air in the room would probably rise several 
degrees. At the same time the relative humidity of the air would 
materially decrease in value even though the total moisture content 
were the same. This would arise from the fact that the warmer air 
is capable of sustaining a larger total amount of water. 

It will be seen from the above that the relative humidity as 
shown by a test in a cold storage room early in the morning may be 
85%. Later in the day after the doors have been open to receive 
warm fruit the relative humidity may decrease to 50% or 60%. There- 
fore, a test of relative humidity at some certain time of the day may 
be no indication of the average condition which exists over the 
twenty-four hours. For this reason tests of relative humidity during 
the daytime of the receiving season do not necessarily convey any 
very definite information. After the storage room has been filled 
and temepratures are brought down tests of humidity will then serve 
to indicate perhaps for days at a time the condition of the air under 
which the plant is operating. 

During the time this survey was being made all plants were en- 
gaged in receiving and shipping fruit. For this reason, and as stated 
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above, a test of humidities during the day at that time would not 
serve to indicate a true operating condition of the plant, and at best 
might indicate only a comparative condition of operation as between 
plants. Tests of humidities were made in most of the plants visited 
and were made at some time between the hours of 10 A. M. and 5 
P. M. In these tests the minimum humidity found in any plant was 
63 % and the maximum was 84j4%. The usual humidities ranged from 
72% to 78%. Furthermore there seemed to be no difference between 
the humidities found in brine-spray plants as compared to dry-air 
bunker systems. 

Relative humidity may be greatly influenced by the method of 
operation of a plant. For instance, the operation of the bunker at a 
very low temperature will freeze a larger amount of moisture out of 
the air, depositing it on the ammonia coils as frost, or as in the brine 
spray plant, this moisture accumulates jn the brine and periodically 
must be drawn off. In this case the plant would probably be operate 
ing with a comparatively small amount of comparatively cold air and 
the relative humidity in the storage room would be low. The use of a 
larger amount of warmer air through the bunker makes possible the 
maintaining of a higher relative humidity* in the storage room. 

Testing Humidities 

To test relative humidity use is made of two thermometers. One 
IS known as a “dry bulb" and the other as a “wet bulb" thermometer. 
The former may be any good thermometer while the latter may be 
of the same make and type except that the mercury bulb is encased 
in a piece of thin muslin. These two thermometers are usually at- 
tached to a frame provided with a handle about which they are free 
to rotate. This is known as a “sling psychrometer". To operate a 
sling psychrometer, the muslin on the wet bulb thermometer is 
moistened, usually by dipping the bulb with its muslin jacket into 
water. Then the two thermometers are swung about the handle until 
the temperature indicated by each has ceased to change. It usually 
requires several minutes swinging to accomplish this. By means of 
these two temperature readings the relative humidity can then be de- 
termined from a set of relative humidity tables or a psychrometric 
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chart. Too brief “swinging” or too dry muslin on the “wet bulb” will 
indicate a higher relative humidity than actually exists. 

In testing relative humidities in a cold storage plant, the use of 
a sling psychrometer which has been kept in a warm engine room 
will necessitate an exceptionally long first operation to remove the 
engine room heat before the temperature shown by the thermometers 
will indicate the correct temperatures. For this reason, it is recom- 
mended, cither that the sling psychrometer be kept in the cold storage 
room, or that it be placed in the cold storage room some quarter or 
half hour before being used. 

The stationary type of psychrometer is not considered reliable for 
use in a cold storage plant. To be accurate it must operate under 
more or less ideal conditions as to cleanliness and water supply, and 
these conditions are scarcely attainable in the average plant. 
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Data on Cold Storage Plants 


While surveying the twenty-two different cold storage plants, 
comparative data w^ere secured which may be of interest to those con- 
cerned with the building and operation of such plants. Those whose 
plants were included in this survey may also be interested to see how 
their plants compare with others in certain characteristics. 

In Table II. is shown the size and storage capacity of each stor- 
age plant, together with the type of refrigeration employed and some 
of the data relative to the refrigerating equipment, while in Table 
III. is shown the data pertaining more particularly to the air systems 
of the different plants. For easy reference, the columns are num- 
bered consecutively 


Storage Capacity 

Column No. 1 shows arbitrary numbers assigned to the different 
plants included in the survey. Column No. 2 shows the cubical capac- 
ity of the plant building from which in column No. 3 is calculated 
the approximate storage capacity of the plant. The figure of 2.7 cubic 
feet per box is based on a study of the; practice of stacking fruit 
boxes in storage, and is considered ample to include the storage space 
occupied by boxes, by necessary aisles, by air ducts and by elevators 
and conveyors. This column could be converted into carload capacity 
by dividing the items by 756 — the number of boxes per carload. 

Heat Leakage Load 

After the close of the receiving season and when the doors and 
openings are all closed, the refrigeration load of a cold storage plant 
consists principally of leakage of heat through the outside walls of 
the building and of mechanical heat from motors, lights, workmen, 
etc. Therefore, it is desirable as far as refrigeration load is concerned 
to build a cold storage plant with the smallest possible amount of 
outside surface. Theoretically, a sphere w^ould have the smallest 
possible exposed surface for a given cubical content. In practice, the 
square building would be the nearest approach possible and should be 
designed to be nearly as tall as its horizontal dimension. Local circum- 
stances and other considerations often make it desirable to ignore the 
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above in favor of a long narrow building, or a building with greater 
horizontal than vertical dimensions. 

Some of the items effecting heat leakage through the walls of a 
cold storage plant are, thickness of the wall, material in the wall, kind 
and thickness of insulation, temperature difference between inside and 
outside surface, character of the inside and outside surface as regards 
smoothness and color, wind velocity outside the building, etc. It is 
apparent that all of these items could be properly evaluated for a 
given plant only with the greatest difficulty. From practice and ex- 
periment it has been learned that the maximum heat leakage through 
the walls, ceiling and floor of the average cold storage plant, including 
leakage through openings will not exceed 2 B. T. U.* per square foot 
of outside surface per twenty-four hours per degree temperature dif- 
ference between the inside and the outside air. It often is much less 
than 2 B. T. U. but, for purposes of ascertaining the probable maxi- 
mum heat leakage from the average well insulated cold storage plant, 
it is customary to use this figure. From Column 4 which represents 
the outside exposure of walls, ceiling and floor of each plant, is de- 
rived the estimated heat leakage per twenty-four hours based on an 
inside temperature of 32 degrees and an outside average temperature 
of 65 degrees Fahrenheit. Dividing the total heat leakage of the 
building in B. T. U. by 288,000 (which represents the B. T. U. re- 
quired to produce one ton of refrigeration per 24 hours) gives the 
estimated leakage load of the building in tuns of refrigeration, col- 
umn 5, and represents the amount of compressor capacity required 
to handle the item of heat leakage alone 

Type of Refrigeration 

The type of refrigeration employed in each plant is set forth in 
column 6. These are: the dry-air bunker system with the ammonia 
coils located in a small bunker room, the brine-spray system with 
the ammonia coils submerged in a brine tank, the brine-spray system 
with the ammonia coils expo.sed to the brine spray which latter 
trickles down the coils and into the brine tank, and the direct sys- 

* A British Thermal Unit is the amount of heat required to raise the temp- 
erature of one lb. of water one degree Fahrenheit. 
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tern in which the ammonia coils are located in the room to be refrig* 
erated. In many of the plants using the indirect system, use is made 
in one or more rooms of direct expansion coils also, giving a com* 
bination system for quickly refrigerating pears and other fruit re- 
quiring to be cooled very rapidly. 

From columns 7 and 8 is obtained the data in column 9, namely, 
the square feet of ammonia pipe surface in the bunker room. In sev- 
eral plants, as mentioned above, additional refrigerating surface is also 
used in some of the refrigerated rooms and is not included in column 
9. 

In the dry air bunker system^ the heat in the circulated air will 
pass through a clean pipe into the ammonia gas at the rate of ap- 
proximately 3 B. T, U. per hour per square foot of pipe surface per 
degree of difference between the temperature of the air and the 
temperature of the ammonia. When the pipe becomes frosted, this 
transmission becomes materially reduced because of the fact that 
ice, and particularly frost, is a relatively good heat insulator. Accord- 
ing to the information available the heat conductivity of the frost 
on the ammonia coils is only one-twentieth to one-thirtieth as high 
as through the clean pipe. From this it will be evident that frost on 
the bunker coils is very similar to a big fur overcoat — it effectively re- 
tards the passage of heat from the air through the pipe to the 
ammonia. 

In the light of the above, it is apparent that it is highly desir- 
able to operate the ammonia coils with just as little frost on them 
as possible — otherwise, they will deliver less than rated capacity and 
the power bill on the compressors per ton of delivered refrigeration 
will be higher. In this connection, the brine spray system lends itself 
to higher efficiency operation since the brine serves to keep the 
ammonia coils perpetually free from ice. Furthermore, it is possible 
to realize a much higher rate of heat transmission from the air 
through the brine and through the pipe to the ammonia, partly be- 
cause of the intimate contact between the brine and the air, and 
partly because of the higher transmission possible through wet con- 
tact of the brine with the pipe instead of the dry contact of the air 
with the pipe. For this reason, it will be noted that brine-spray plants 
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use only one fourth to on« third the square feet of ammonia pipe 
surface needed by an equivalent dry-air system. This permits the 
use of a comparatively smaller bunker room for the brine-spray 
system. 

Suction Pressure and Operating Efficiency 

As noted above, heat will flow far more readily from air to 
ammonia through the walls of a clean pipe than through one coated 
with frost. In other words, with a coat of frost on an ammonia pipe, 
the ammonia must be considerably colder in order to secure a 
larger temperature difference between it and the air and thereby ac- 
complish the transfer of the same amount of heat, or to deliver the 
same tons of refrigeration. In order to lower the temperature of the 
ammonia it is necessary to adjust the refrigerating system so as to 
lower the suction pressure on the compressors. In column 10 is shown 
the suction pressures noted on the gauges of the different plants ar 
the time they were visited. It will be understood that these are not 
necessarily the average nor the usual suction pressures in all cases 
since the suction pressure at a certain time in a given plant will 
depend somewhat upon the load on that plant at that time. How- 
ever, it will be noted that the brine spray plants as a rule operate 
with a higher suction pressure than do the dry air bunker systems 
and this is to be expected for the reasons cited above. 

Refrigerating systems are based upon the fact that it takes some 
certain amount of heat to change a liquid into a gas at the same 
temperature. This is known as the latent heat of vaporization and 
for a given liquid, such as ammonia, varies only slightly with changes 
in pressure. The function of the compressor is to pump away the 
ammonia gas as fast as it is formed in the ammonia coils. The higher 
the suction pressure of this gas, the more weight of gas will be 
handled per stroke of the compressor. In other words, the higher 
the suction pressure, the fewer strokes of the compressor will be 
necessary to handle a given weight of ammonia. The total power con- 
sumption per pound of ammonia pumped is also less at the higher 
suction pressure, because of the fewer strokes required, resulting in 
lower power cost per ton of refrigeration delivered. It also follows 
that the higher the suction pressure, the smaller will be the compres- 
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sor capacity required to deliver a given amount of refrigeration. Here 
again, the brine spray plant makes possible an economy in first cost 
of compressor equipment. 


Discharge Pressure 

In column 11 is given the head pressure, or discharge pressure 
of the compressors at each plant visited. There is a peculiar signifi- 
cance attached to the value of this discharge pressure. The work 
of compressing the ammonia gas results in increasing its temperature 
and the higher the temperature, the higher the pressure required be- 
fore the gas will liquify. The higher the discharge pressure, the more 
power will be required to operate the compressor. Therefore, the 
higher the condenser temperature, the greater will be the power cost 
of the plant. 

The function of the ammonia condenser is to extract heal from 
the hot compressed gas and permit it to liquify, and to further reduce 
the temperature of the liquid ammonia. Ammonia condensers most 
commonly used may be of the double pipe type, the shell and tube 
type or the flooded type. Among the factors which may contribute 
to high discharge pressure are: too small condenser capacity, too 
small amount of condenser water, and the use of warm condenser 
water. It is evident, therefore, in the interests of power economy, 
that it is necessary to provide ample ct)ndenser capacity measured in 
terms of surface area, and plenty of cold water through the con- 
denser — the colder the better. 

The Air System 

Table III. contains information relative to the air systems of 
the plants visited. In columns 12 and 13 arc given the number and 
type of fans used. In column 14 is shown the horse power used by 
the fans in each plant to deliver the cubic feet of air per minute 
shown in column 15. Of particular interest is the information rela- 
tive to the power used per thousand cubic feet of air delivered per 
minute, as shown in column 16. All of those plants which require 
more than .500 H. P. per 1000 C. F. M. were found to be operating 
with too small a fan, air ducts too small or poorly designed, or a 
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combination of the above, which results also in unduly heating the 
air, thereby discounting a certain amount of compressor capacity. 

Those plants operating with a fan power demand of less than 
.200 H. P. per 1000 C. F. M. give evidence of being well designed 
as regards adequate size fan and properly designed ducts. Such 
plants arc securing a maximum of refrigerating service at a minimum 
of operating cost. 


Static Pressure 

In the design of an air duct system for a cold storage plant it i.s 
important that the ducts be large enough to convey the required air 
at a velocity not exceeding 1000 F. P. M. (feet per minute). At a 
higher velocity the heating of the air due to friction against the walls 
of the ducts, etc., becomes excessive, and in refrigeration work it is 
desirable to heat the air as little as possible. Air friction depends 
upon the velocity of the air through the ducts, the smoothness or 
roughness of the inside of the ducts, and the pressure or absence of 
swirls and eddies in flowing air. For instance, a smooth curved elbow 
will change the direction <^f the air with a minimum of disturbance to 
the air stream, while a square turn will cause eddies and churning of 
the air which results in friction and heat P>y means of comparative 
tests it has been found that the loss due to a square turn in a rect- 
angular duct is as much as eight times the loss which would take 
place if a properly curved elbow were used. All friction in a duct 
system is measurable in terms of static pressure, which is the pressure 
tending to burst the walls of the duct. The lower the static pressure 
of the system the less power will be required on the fan to deliver a 
given quantity of air per minute. Therefore, it is desirable to have a 
static pressure as low as possible both on account of economy of fan 
power and on account of heating the refrigerated air 

Measuring Static Pressure 

In column 17 is given the static pressure measured in each plant 
This was measured at the fan by means of a glass “U” tube as fol- 
lows: a small copper tube was inserted through the w^all of the fan 
discharge duct to extend nearly to the center of the duct as shown in 
Fig. 4. By means of a flexible rubber ho.se, this tube w^as connected 
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to one end of the glass ‘'U** tube which was partly filled with water. 
The other end of the tube was open and exposed to the same 
air pressure as the inlet to the fan, being in most cases but a few 
feet from the fan inlet. In this way one end of the “U” tube was ex- 
posed to the air pressure entering the fan and the lOther end was 



exposed to the air pressure leaving the fan — giving the pressure de- 
veloped b)r the fan. Care was taken that the mouth of the copper 
pipe in the air stream was not pointed either toward, or away from 
the air flow. Pressure was measured in inches by measuring the 
difference in water level in the two sides of the "U*' tube. 

Reducing the Pan Speed 

A well designed air system in a cold storage plant will operate 
at a static pressure of from to of water. The closing of the 
air ports during the late part of the season when a smaller quantity 
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of air is needed, will cause the static pressure to increase. In many 
cases, a substantial economy in fan power could be effected by using 
a smaller motor pulley in the late season, thus decreasing the fan 
speed. This would result in delivering a smaller quantity of air with 
open ports — thus keeping down the friction and the static pressure 
and saving money for fan power. For instance, a certain fan running 
at 175 R. P. M. will deliver 50,000 C. F. M. of air to a plant at 
static pressure with a power demand of 15 ^ H. P. By decreasing the 
speed of the fan to 140 R. P. M. it will deliver 40,000 C. F. M. with a 
power demand of approximately H. P., showing a monthly saving 
in the power bill of $32.50. In this case, reducing the speed of the 
fan and, with the airports in the duct system undisturbed, the static 
pressure will reduce to a little over 

Comparative Air Capacity 

On the basis that all the storage rooms in a plant were empty 
and that the air system were operating at full capacity, it is apparent 
that the circulating fan would handle an equivalent of all the air in the 
plant a certain number of times each hour. From the size plant given 
in column 2 and the air delivered as in column 15 was computed for 
each plant the number of times per hour the air would be completely 
changed if the storage rooms were entirely empty of fruit. This offers 
a certain basis for comparison between plants as regards the relation 
between air supply and cubical contents of the building. From five to 
eight changes per hour was found to be most common. However, in 
the case of plant No. 11, it is clearly an instance of operating with too 
small a supply of air. It will be understood that this data is merely 
given as a basis for comparison and not as a basis for plant design. ' 

The temperature of the air leaving the storage rooms and enter- 
ing the bunker room is shown in column 19. In column 20 is shown 
the temperature of the refrigerated air as it leaves the bunker on its 
return to the storage rooms. The temperature drop through the 
bunker is shown in column 21. It will be recognized that the lower 
the temperature of the outgoing air, the more moisture has been 
"frozen” out of :t in its passage through the bunker, and the lower 
will be the relative humidity possible to maintain in the storage 
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rooms. Where a high relative humidity is desired, it is recommended 
to use a larger volume of air with a consequent higher outgoing 
temperature and a lower temperature drop through the bunker. 

In column 22 is shown the ammonia temperatures corresponding 
to the suction pressures shown in column 10. Take for comparison, 
plant No. 19 and plant No. 30. The suction pressures are 29 and 13 
lbs. with temperatures of 15 and — 4 degrees Fahrenheit, respectively. 
It will be noted that the square feet surface of ammonia pipe in the 
bunker is nearly the same in each plant, while the relative size of the 
plants is approximately one to two and a half. In spite of the fact 
that plant No. 20 has some direct expansion in part of the storage, 
it is apparent that the refrigeration load of the plant is overtaxing 
the bunker capacity, especially as regards the amount of air being 
cooled. Such a large temperature drop necessitates a low ammonia 
temperature with consequent inefficient operation of the compressors 
at a low suction pressure. Such a plant would benefit from an in- 
creased air supply through an enlarged bunker capacity. 


SUMMARY ' 

Fruit Cold Storage is comparatively new in the Pacific North- 
west and is developing so rapidly that practice is not yet standardized, 
rooms. Where a high relative humidity is desired, it is recommended 
to use a larger volume of air with a consequent higher outgoing tem- 
perature and a lower temperature drop through the bunker. 

Cold Storage plants range in size from 100 to 300 carload capac- 
ity on the average, and employ the direct expansion, or the indirect 
expansion system of refrigeration, or a combination of both. 

In the indirect expansion system, which is fast replacing the 
direct expansion system, the brine-spray type is growing in popularity. 
It requires less space, is more economical to operate, and the first 
cost is less than the dry-air bunker system. 

The Cold Storage season is not continuous throughout the year 
and the maximum demand for refrigeration extends over a period of 
only two or three months. 
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The design of an air handling system inv<)lves questions of size 
and capacity, and economy of operation. Many plants now in oper- 
ation could effectively increase their capacity and decrease their costs 
of operation by replacing some of their present fans and ducts, the 
cost of which would be returned by decreased power bills. 

Cold storage plants in the Pacific Northwest, arc, for the most 
part, built of brick and concrete and insulated with corkboard or 
planer shavings. 

Relative humidity depends upon a number of operating conditions 
and may be controlled to a certain extent. Care is required in making 
tests of relative humidity to insure accurate results. 

Comparative data on different plants indicates that .some arc well 
designed and operating efficiently while others are handicapped by 
some one or more features which are incorrectly proportioned to the 
load on the plant The nmst common fault i^ inadequate air supply 
or undersize fans and ducts. Other features of a cold storage plant 
merit close comparative study in order to realize the highest operating 
efficiency. 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 

1. Sewage Disposal for the Country Home. (Out of Print.) 

By O, L. X^ller and M. K. Snyder. March. 1914, July, 1916. 

2. How to Measure Water. 

By O. L. Waller, October, 1915, Reprint 1925 (Revised and Re- 
printed as part of Engineering Bulletin No. 20.) 

3. Water Supply for the Country Home. (Out of Print.) 

By M, K. Snyder. See EngVg. Bui. No*s. 9, 10, and 11. 

4. Construction and Maintenance of Earth Roads. 

By L. V. Edwards. April. 1916. 

5. Cost of Pumping Water. Reprinted as Extension Bui. No. 103. 
By O. L. Waller. August. 1916. 

6. Fuel Economy in Domestic Heating and Cooking. 

By B. L. Steele, December, 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 

8. Use of Ropes and Tackle, Illustrated. 

By H. J. Dana and W. A. Pearl, December, 1921. 

9. Well and Spring Protection. 

By M. K. Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M. K. Snyder, February, 1922. 

11. Farm Water Systems. 

By M. K. Snyder and H. J. Dana, January, 1923. 

12. Commercial and Economic Efficiency of Commercial Pipe Cover- 
ings. By H. J. Dana, January, 1923. 

13. Critical Velocity of Steam With Counter-Flowing Condensate. 
By W. A. Pearl and Eri. B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. By H. J. Dana, December, 1923. 

15. A New Stationary Type Laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear, First Pro- 
gress Report. By H, V. Carpenter and H. J. Dana, January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear. Second Pro- 
gress Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Pro- 
gress Report. By H. J. Dana, October, 1926. 

19. Rhythmic Corrugations in Highways. 

By H. V, Carpenter and H. J. Dana. February, 1927. 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 
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21. Maraetic Nail Picker for Highways. 

By n. J. Dana, August, 192/. 

22. Spr^ Residue and Its Removal From Apples. 

By F, D. Heald, J. R. Neller and F. L. Overlcy of the Agricultural 
Experiment Station in Cooperation with H. J. Dana. 

23. Survey of Fruit Packing Plants. ($2.00 each) 

By H. J. Dana, December, 1927. 

24. Survey of Fruit Cold Storage Plants. (75c each) 

By H. J. Dana, March, 1928. 

25. An Extensometer and Compressometer of the Hydro-static Type. 
By H. H. Langdon, October, 1928. 

26. A Survey of Fruit Cold Storage Plants in Central Washington. By 
H. J. Dana, December, 1928. 

27. The Automatic Underfeed Coal Stoker for Domestic Heating. By 
H. J. Dana. 
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The ENGINEERING EXPERIMENT STATION of the State 
College of Wasliingtijn was established on the authority of the act 
passed by the first Legislature of the State of Washington, March 28, 
1890, which established a “State Agricultural College and School of 
Science, “ and instructed its commission '*to further the application 
of the principles of physical science to industrial pursuits*” The 
spirit of this act has been followed out for many years by the Engin- 
eering Staff, which has carried on experimental investigations and 
published the results in the form of bulletins. The first adoption of 
a definite program in Engineering research, with an appropriation 
for its maintenance, was made by the Board of Regents, June 21st. 
1911 This was followed by later appropriations. In April, 1919, this 
department was officially designated, 'Engineering Experiment 
Station. 

The scope of the Engineering Experiment Station covers research 
in engineering problems of general interest to the citizens of tin 
Slate of Wasliintgon The work of the station i*? made available t<' 
the public through technical reports, popular bulletins, and public 
service The last named includes tests and analyses of coal, lest- 
and analyse.s of road materials, testing of commercial steam pi])e 
coverings, calibration of electrical instrunient.s, testing of strength 
of materials, efficiency studies in power plants, testing of hydraulic 
machinery, testing of small engines and motors, consultation wdth 
regard to theory and design of experimental apparatus, preliminary 
advice to inventors, etc. 

Published bulletins arc available as listed on pages hS and 19. 

Requests for copies of the engineering bulletins and inquiries 
for information on engineering and industrial iiroblems should be 
addressed to The Engineering Experiment Station, State College of 
Washington, Pullman, Washington. 

The control of the Engineering Experiment Station is vested in 
the Board of Regents of the State College of Washington 
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winter scene on the State Collejre Campus 


THE AUTOMATIC 

UNDERFEED COAL STOKER FOR DOMESTIC 

HEATING 

By Homer J. Dana* 


Modern demands for healthful living conditions require that the 
desired temperature in the home he maintained with reasonable 
unitormit) A widely fluctuating temperature is ct>nducive to colds 
and discomfort, and at the same lime will require approximately as 
mucli fuel as if the temperature had been maintained at the desired 
\aliu With the customary hand firing^ the judgement and attention 
of tlw individual attending the furnace, often the woman of the 
house, is relied upon to shovel in the coal and to control the dam- 
pers and thereby control the temperature Too often this attention 
is di\ tried and the fire is forgotten, or one fails to judge correctly 
when otien or close the draft, with the result that the house gets 
either too hot or too cold 

llv means of automatic temperature controls, it is practicable 
to control the dampers of a furnace to automatically maintain any 
desired temperature in the living room with but a relatively small 
variation throughout the da>. Such an automatic control may read- 
ily be applied either to a handfired furnace or to an automatically 
tired furnace and includes a thermostat located usually in the living 
room This thernmstat is electrically connected to control the damp- 
ers in the case of the handfired furnace, or the automatic stoker in 

For arHKifstiinci* in cnndnctini!; l^htN and makinir observationM on stoker instaii* 
Istions the author is jrreatly indebted to H. V. Carpenter, Stanley A. Smith, 
Kri B. Parker, G K. Thornton. Geo. Lommaaaon, and A. C. Abell. The author 
wisheK particularly to mention the valuable aHKintanee and many helpful auft' 
ffeetiona given by Mr. Howard H Langdon. 



the other case, and is set to maintain some certain desired tempera- 
ture in the room in which it is located. If for any reason it is de- 
sired to maintain a higher or lower temperature, this can be accomp- 
lished by mo\ing a pointer on the thermostat and the new order 
will be carried out automatically. 

With the handfired furnace it is necessary to replenish the fuel 
supply by hand from lime to time. This requires some attention 
throughout the da> With the automatically fired furnace it is cus- 
tomary to introduce a relatively large charge of fuel into the automatic 
device at t>ne time, and this is drawn upon from time to time to sup- 
ply the fuel for the fire. A suitable size charge of fuel may be in- 
troduced in the morning or during the evening, according to the 
habits of the person attending the furnace, and will last without 
further attention for a period as long as tw^enty-four hours or more. 


FUEL FOR DOMESTIC HEATING 

I'uel for household heating may consist of wood, coal, oil, or 
gas Tn any case the fuel cemsists of a certain percentage of carbon 
which during the princess of combustion unites wuth the (»xygen of 
the air to form heat It is important that complete combustion take 
place, otlurw’isc part of the heat \aluc of the fuel in the form of un- 
burned carbon will eseai>c up the chimney as smoke, — fuel deliber- 
ately thrown awav into the air — later to smudge the family laundry. 

FUEL COMBUSTION 

In the ordinary ()i)eralion of a furnace, the fuel is introduced by 
throwing it on top of a bed of coaK. The new fuel cools the top of 
the fire, until the ttm])erature of the new' fuel is raised to the point of 
comhuslion During the interval, there results a more or less dense 
cloud of smoke which represents valuable fuel gas distilled from the 
new fuel, but the fire being cooled off does not supply .sufficient heat 
to ignite and burn the escaping gases. .As a result they are lost up the 
chimney. Furthermore, they cover the wralls of the furnace with a 
layer of soot — an effective beat in.sulator — preventing the transfer, 
into the ro<>ms of the house, of the heat derived from that part of the 
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fuel which is burned. This is illustrated in Figure 1 It is estimated 
that one-fifth of an inch of soot equals one inch of asbestos in heat 
insulating ability, and it is conceded that no one w'ould think of lining 
his furnace with as!)estos. 



In order to accomplish complete combustion, it is necessary ti> 
proportion properly the amount of air and fuel being burned. An 
excess of air is not only useless but it also absorbs heat to raise 
its temperature and carries the heat up the stack with it. Lack of 
air prevents complete combustion and therefore causes loss of fuel 
in unburned gases. 

Fuel contains, among other things, a certain percentage of “fixed” 
or pure carbon. When heated to a sufficiently high temperature, and 
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in the presence of sufficient air, this carbon unites chemically with 
the oxygen of the air resulting in what is known as combustion of 
the fuel. When one pound of pure carbon burns completely to car- 
bon dioxide, CCJa, there is generated or liberated 14,544 B.T.U.'s^ of 
heat. If insufficient oxygen is supplied, partial combustion takes 
place, resulting in the formation of CO, and only 4,351 B.T.U.’s of 
heat are liberated — less than one third of the total heat value of the 
fuel. The remainder goes up the chimney in the form of unburned 
CO gas. 

Such large heat losses attend the customary top feeding ot aome.s 
tic furnaces and cannot well be avoided. Logically, one would be 
loath to throw out of doors one shovel full of fresh coal for every four 
or five he placed in the furnace, but that i.s virtually what takes place 
when he puts green coal on top of his furnace fire. Part of this 
fuel loss can be a\oided by exercising proper care in firing — which 
the average person does not do. 

Coal may also be burned by introducing the fresh cold fuel into 
the bottom of the fire, the gradual heating thereof by the fire above 
slowly distills off the volatile matter which proceeds up through the 
hot fuel bed and is ignited and burned more or less completely, de- 
pending upon the amount of air being supplied. Later the cc^ked 
fuel ignites and becomes a part of the hot fuel bed — new green coal 
being introduced fr(.*ni below to enable combustion to continue. This 
method results in much more complete burning of the gas which is 
always given off by the green coal and so causes mini-mum sooting of 
the furnace walls. 

From the above, it will be seen that top feeding of a furnace fire 
results in a loss of fuel and fouling of the furnace walls with soot, the 
latter making for reduced efficiency of heat transfer. 

l^ndcrfeeding of a furnace fire makes possible the complete com- 
bustion of the fuel with maximum possible realization of the total heat 
value of the coal. 


* One Hritifih Thermal Unit repreaente the amount of heat required to raise the 
temperature of one pound of water one de/pree Fahrenheit. 
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THE AUTOMATIC UNDERFEED STOKER 


During ri-ccnt years methods have been perfected for introducing 
fuel, particularly coal, into a domestic furnace from the bottom of the 
fire, and for making the operation more or less continuous and auto- 
matic. i^y means of a small electric motor, coal is forced up under 
the fuel bed and at the same time air under pressure is supplied to 
promote combustion, lly properly adjusting the relationship between 
the rate of coal fed and the amount of air intr<jduced combustion can 
be maintained at its fullest efficiency. ^ 

While manufacturers ha\e attemiiled to de\elop a successful stok- 
er based upon the top firing principle, the greatest progress has been 
made in developing the underfeed type In the underfeed stoker, 
fuel is introduced into the fuel bed cither by menas of an oscillating 
ram, or plunger, or by the use of an auger or screw conveyor. The 
method of introducing fuel into the underfeed furnace , if mechanically 
relialile, would appear immaterial — the important feature being the 
rale of feed as comtiared to the rate of combustion Some attempt 
has been made to automatically remove the a.shes or clinkers from 
the underfeed stoker furnace but this has m>t met with unqualified 
success, because the removal of clinkers is often accompanied by the 
removal of excess fuel which has dropped into the clinker or ash 
compartment 

The type of stoker which has been developed most successfully 
employs a screw' conveyor for introducing fuel into the bottom of 
the fuel bed and reciuires the removal of accumulated clinkers from 
the fire through, what would otherw'ise be, the usual firing door of 
the furnace. These clinkers accumulate around the edge of the fire 
as in Figure 2 and must be removed by means of clinker tongs. 
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Fijfurp 2. A stoker equipped furnnce showing the method of introducini^ fresh 
coal into the bottom of the fuel bed 


EFFICIENCY OF FUEL COMBUSTION 

'Phforetically, the ideal method of firing; a furnace would he to in- 
troduce and burn tlie fuel continuously and only fast enouj2:h to 
supply the necessar> heat In this method the relationship between 
fuel and air would be established and combustion would be maintained 
at the hi.t|;hest possible efficiency. 

Israel ically, it has been found that the a\era^e domestic heating 
load varies and fluctuates throimhout the day and from day to day, 
so that it has been considered more satisfactory to operate the fur> 
nace at comparatively hi|L;h efficiency for a short period at a time, 
permitting the intervening inter^al^ to constitute a more or less idle 
period for the fire. While combustion continues during the idle 
period and at ve/y low efficiency, nevertheless, the amount of fuel 
burned during such period is comparatively small and the percentage 
thus Avasted of the total fuel burned is relatively small 

THE OPERATING CYCLE OF THE STOKER 

Because of the greater ease of control, the stokers on the market 
at the present time are built to work on the principle of intermittent 
operation, the length of the period of operation and the frequency 
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thereof depending upon the demand for heat. Thus, when the room 
temperature reaches a predetermined minimum, the room thermostat 
will start the stoker, which will continue to operate until the room 
temperature reaches a predetermined maximum. 



Fipurt* H, Temiu^rature records for forty-cight hours taken in the living rooms 
of three different furnace heated homes. 


Curves* A and B in Figure 3 show living room temperatures of 
houses heated with warm air furnaces. The furnace in the case of 
Curve A is hand fired and the relatively large variation of temperature 
throughout the day will he noted. In the case of Curve B which is 
taken from the living room of a stoker fired hot air heated house, it 
will he noted that the desired average temperature is maintained wdth 
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hut small variation throughout the day. Owing to the small amount 
of stored heat in a hoi air furnace system, it will be seen that the 
stoker must operate every hour or hour and a half. 

Curve C, representing a hot water heated house, was taken during 
sub-zero weather, and in spite of the low outside temperature, it will 
be noted that the stoker operated less frequently than in the case of 
the warm air furnace. 

The temperature range in B is approximately 3 degrees, wdiile in 
the case of C it is between 4 and 5 degrees. This is due to the ad- 
justment of the room thermostat and has nothing tf) do with the 
type of furnace used. 

RELATIVE MERITS OF HOT AIR AND* OF HOT WATER 
FURNACES 

It is not the object of this study to go into the matter of the 
relative efficiency of the hot air and the hot water furnaces, but rather 
to discuss the matter of efficiency of burning 'coal by means of the 
underfeed stoker. 

TESTS OF STOKER INSTALLATIONS 

During the winter of 1928-1929 a series of tests were made on 
sevau'al different automatic coal stokers installed in different Pull- 
man homes for domestic heating. By means of recording instruments 
the amount of coal U'-ed per day was measured. To accomplish this 
the instrument registered the number of revolutions of the coal auger. 
By w^eighing the amount of coal used over a period of several days 
and noting the number of re\olulions of the auger the j)OUnds of coal 
delivered per revolution could be determined. Such data shown in 
Table 1 was obtained for the six residences on which tests were made, 
and shows the recorded coal consumption per month for each furnace. 
The type furnace in indicated as is also the amount of radiation, 
and the cubical contents of the house. Figure 4 shows a typical 
daily coal consumption curve for a .stoker-equipped hot water furnace. 
Tt will be noted that as thl* outside air temperature goes down the 
coal consumption goes up. 
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Flicur«? 4. I>»il 3 ' coal consumi,4ion record of the author* « stoker fired furnace 
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KIND OF FUEL BURNED 


Several different kinds of coal were burned in the tests. In all 
cases, the grade of coal was w'hat is known as slack. A stoker re- 
guires a fairly fine fuel, which also happens to be cheaper than the 
usual lump coal burned in a furnace. In fact, the rapid development 
of the domestic stoker has been partly due to the fact that it can suc- 
cessfully burn the cheaper grade of fuel. This fuel, known as slack, 
usually contains as much or more heat per pound than the higher grade 
coals, excluding of course, the dirt or other non-combustible material. 
Tlie reason it cannot be successfully burned in the average furnace is 
due to the large amount f)f draft necessary to get the required 
amount of air U]) through the fuel bed. The stoker suptdie*^ this re- 
el ui red draft 



Figure 5. (’ompHrati\e trhts on hiind fired and stoker fired furnaces 

In figure 5 is shtiwn the relative performance of a hand fired and 
(d a stoker fired furnace in w^hich tests were made of the products of 
combustion and of the flue gas temperatures. In any fire, the proper 
mixture of fuel and oxygen will give complete combustion as indicated 
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by a high percentage of CO 3 and an absence of CO Theoretically, 
the percentage of COa cannot possibly exceed 20.9%, but in common 
practice 15% is considered about the highest attainable. In the ca.se 
shown in Figure 5, the hand fired furnace shows an average COs of 4% 
against 11 % for the stoker fired furnace. l>oth cases represent aver- 
age firing with no attempt towards special results for the tests. In the 
case of the hand fired furnace, approximately^ 30% of the present 
fuel loss is preventable if the fuel could be burned under the correct 
conditions, while with the stoker fired furnace, only a little over 4% 
preventable fuel loss is taking place. 

In the average domestic furnace, the combustion space is frequently 
too small, resulting in the burning gas striking a cH)inparativel>' cool 
surface before combustion is complete. This cools the gas and 
results in incomplete combustion with a consequent waste of fuel 
Some furnaces have very short gas passages from the fire box through 
the furnace to the chimney as if the object were to get the gas into 
the chinmey with the minimum possible reduction in temperature. 
This helps to give a strong draft but all the heat which escapes up 
the chimney is lost as far as concerns heating the house. Practically, 
it has been found necessary in ordinary residences to permit consider- 
able heat to escape up the chimney in order to provide the necessary 
draft for the fire. A stoker reduces this require-ment so that the flue 
gas temperature might as well be reduced to 3(X)® or 4(X)® Fahrenheit. 
In Figure 5 it will be noted that the flue gas temperature ranges from 
6 () 0 ® to 800® Fahrenheit maximum, which means that the gas pas- 
sages in the furnace are too short, or the heating surfaces arc badly 
soot-covered, allowing too much heat to escape up the chimney. In 
one residence furnace under test, the flue gas temperature under the 
worst condition was found to reach as high as 1300®, indicating that 
over one-half the heat was being thrown away. 


COALS USED IN STOKER TESTS 

Most of the coal burned in the five stokers noted was slack 
from Aberdeen, Utah. Small quantities each of Ravensdalc, or McKay 
washed stoker coal, and of Wyoming Rocksprings Star were burned 
also in one of the stokers under test. The amount of ash per pound 
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of coal as found by weighing the clinker over a period of time was 
found to range from 3% to S^/c by weight. No marked difference 
was noted in the behavior of these different coals in the furnace cither 
as to burning or as to clinker forming characteristics. All three are 
of the free-burning type. 

On the ])asis of the foregoing statements, it may be assumed that 
by installing an automatic underfeed coal .stoker, the coal will be 
burned much more efficiently and therefore a smaller amount of coal 
will be consumed during the season. The»>rt;tically, this is true 
Actually, however, the added ease and cotnenience of heating a resi- 
dence with a ‘stoker serves to induce the owner to maintain the tem- 
perature of his home more ctunfortahly and for a greater part of the 
24 hours, with the result that he will probably burn about the same 
number of tons of coal as by the usual hand firing methods. The 
grade of coal used in the stoker, however, costs 3()Vf to 40Vf less 
than the lump coal f(»r hand firing The total result is that the lu>use- 
holdcr will enjoy more temperature comfort in his home, will maintain 
more healthful living conditions for himself and family, will relieve 
himself and his family the need for constant supervision of the 
beating plant, and will do all this ior a little less than his usual coal 
bill. 


FURTHER TESTS 

During the coming year these studies will be continued along at 
least two lines; namely, the behavior of different coals in the stoker 
fired furnace, and the comparative efficiency of combustion as con- 
trolled by furnace design. Judging from the high flue gas tempera- 
tures found to he t»revalent in lioth hand fired and stoker fired fur- 
naces, it is apparent that a considerable percentage of preventable 
heat loss is taking place up the chimney in the average furnace instal- 
lation. Investigation will he made of the possibility of increasing the 
length of the gas passages in a stoker-fired furnace in order to reduce 
the flue gas temperature and thereby further increase the coal economy 
of such a furnace. There seems to be some promise of success in this 
since the stoker blast serve.s to replace a large part of the draft other- 
wise required for combustion in the ordinary furnace, and since the 
stoker fife does not deposit so -much soot on the heating surfaces. 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 


1 vSewage Disposal for the Country Home. (Out of Print.) 

By O. L. Waller and M. K. Snyder, March, 1914, July, 1916. 

2. How to Measure Water. 

B\ O. L. Waller, October, 1915, Reprint 1925 (Revised and Reprinted 
as part of Engineering Bulletin No. 20.) 

3 Water Supply for the Countr> Home. (Out of Print.) 

By M. K. Snyder. See Engineering Bui. No’s 9, 10, and 11 

4. Construction and Maintenance of Earth Roads. 

By L. V. Edwards, April, 1916. 

5. Cost of Pumping Water. Reprinted as Extension Bulletin No 103 
By O. L. Waller, August, 1916. 

6 Fuel Economy in Domestic Heating and Cooking. 

By B. L. Steele, December. 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 

8 Vse of Ropes and Tackle, Illustrated 

By H, J. Dana and W. A, Pearl, December. 1921 

9 Well and Spring Protection » 

By M K Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M, K. Snyder, February, 1922. 

11 Farm Water Systems 

By M. K Snyder and H J. Dana, January, 1923 

12. Commercial and Fxoriomic bTficienev of Commercial Pipe Co\Lnngs. 
By H, J. Dana, 1923 

13 Critical Vclocit> of Steam With Counter-Flowing Condensate. 

Bn W. a Pearl and B Parker, February, 1923. 

14. The Use of T’ower Fans for Night Cooling of Common Storage 
Houses. By H J. Dana, Dec<*mber, 1923. 

1.^. A New Stationary Type Laboratory Meter 

By H. V. Carpenter and H J Dana, September, 1924. 

16. Relation of Road Surface to Automcibile Tire Wear. First Progress 
Report By H. V. Carpenter and H J. Dana, January. 1924 

17. Relation of Road Surface to Automobile Tire Wear. Second Progress 
Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to .Automobile Tire Wear. Third Progress 
Report . By H. J. Dana, October, 1926. 

19. Rythmic Corrugations in Highways. 

By H. V. Carpenter and H. J. Dana, F'ebruary, 1927. 

20. How to Measure and Use Water for Irrigation 
By O. L. Waller, March, 1927. 
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21. Magnetic Nail Picker for Highways. 

By H, J, Dana, August, 1927. 

22 Spray Residue and Its Removal From Apples 

By F. D. Hcald, J. R. Neller and F. L (3verley of the .X^ricultnral 
Experiment Station in Cooperation with H J Dana 

23. Survey of Fruit Packing Plants. ($2.0() each) 

By H J. Dana, December, 1927. 

24. Survey of Fruit Cold Storage Plants (75c each) 

By H. J. Dana. March, 1928. 

25. An Exten.somcter and Compressometer tjf the H\ dro-static Type 
By H. H. Langdon, October, 1928. 

26. A Survey of Fruit Cold Storage Plants in Central Wa.shington 
By H. J. Dana, December, 19^. 

27. The Automatic Underfeed Coal Stoker for Domestic Heating 
By Homer J. Dana, April, 1929 Second hahtion, October, 1929 

28. Importance of Preliminary Ore Analyses by Means of the Stt rcoscopic 
Binocular Microscope. By Arthur E. Dnicker, April, 1929 

29. Short Wave Transmitter Design. 

By David H Sloan, September, 1929. 25e postpaid 
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A STUDY OF WELDED METALS UNDER 
FATIGUE TESTS 


By 

G. E. Thornton* 


OBJECT 

The object of the tests undertaken in this work was to compare 
the different type of welds in which a flexure of the specimen occurs 
when subjected to a continuous series of stress reversals. Such a 
condition is present in a member under continuous or spasmodic 
vibration. 

The tests were undertaken by the Engineering Experiment Station 
of The State College of Washington in cooperation with the Mechani- 
cal Engineering Department of the same institution and with the 
American Welding Society. 

The field covered in this work consists of tests of oxy-acetylene 
welds, resistance welds, and flash welds, and some work on atomic 
hydrogen and metallic arc welds. 

In determining a policy of securing specimens it was decided 
to test small speciinens in fatigue instead of the large specimens 
advocated by some companies 

It was decided to obtain a true cross-section of the welding field 
by soliciting welded coupons from companies doing different types 
of welding. The average of these test.s gives a lower result than 
would be obtained if one experienced man was doing all the welding 
with the knowledge that his welds were to be tested for test data. 

The author feels that this cross-section of the entire field is 
much more of an indication of what to expect from welds than the 
best results obtained by any one individual. 

*The author wishes to express appreciation for valuable assistance and co- 
operation given him in this work by Mr. Joseph F. Mills and Mr. Douglas Blake, 
Graduate Students in Mechanical Engineering, and Mr. George Lommasson, In- 
Btruotor in Machine Shop Practice, also for test specimens furnished by the 
General EJeetrio Company, the Union Carbide and Carbon Company, the Air 
Keduetion Sales Company, and the American Chain Company. 
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APPARATUS 


The apparatus used in connection with this work consisted of a 
bank of seven Farmer Type rotating beam testing machines. The 
construction of the machines was the construction usually employed 
for testing a short specimen. 

The specimen, Figure 1, reduced at the center and tapered at 
the ends, was pressed into the end of the spindle of the test machine 
which was machined to fit the end of the specimen. The specimen 
was securely held to the spindle at each end by means of a 
machine screw. 



Figure 1. Line drawing showing construction of Fanner Typo rotating beam 

testing machines used iiv fatigue tests. 

The two spindles with the specimen securely fastened between 
them was free to rotate in the set of four roller bearings, CDEF 
Two of these bearings, C F, were mounted on trunnions resting in the 
slots in the end brackets X Y. The other two bearings with connect- 
ing cross bars formed a yoke which supported the weight W. 

By varying the weight W any desired stress cc»iild be i)laced 
on the specimen to be tested. 

The specimens were rotated by a one-fourth h.p. motor M direct 
connected by a universal (oupliini to the s])indles holding the 
specimens. 

The machine was shut down as soon as the specimen failed by 
means of an automatic drop switch on the rod holding the weight. 

The number of reversals which each specimen completed was 
recorded upon a revolution counter R connected to the end of the 
spindle opposite the driving motor. 
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fry'll 


Figure 3. Bank of fatigue machines used in obtaining data on fatigue of welds. 
Same construction as shown in Figure 2. 

SPECIMENS 

The specimens for test were furnished by the General Electric 
Company, Union Carbide and Carbon Company, Air Reduction Sales 
Corporation, American Chain Company, and the welding shops of 
the Department of Mechanical Engineering, State College of 
Washington. 
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The specimens were made up by cutting cross sections from a 
test coupon formed by welding two bars of fire box steel 

24'' long, as shown in Figure 4. 

The sections cut from the coupon were square and 5" long. 
These small sections were then turned down to diameter and the 
center section reduced to .400" diameter (Figure 5). The center 



Figure 4. Method of making up coupons from which specimens were cut. 


section was reduced for the purpose of causing the specimen to fail 
in the weld. This procedure was successful in concentrating the 
flexure of the specimen at the weld and thus gave a means of com- 
parison between the different types of welds. 


The specimens were highly polished at the reduced section in 
order to eliminate the possibility of small depressions inducing pre- 
mature failure when subjected to a bending stress. 
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Figure 5. Line drawing of fatigue specimen used in tests. 
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Pigurt* 6. Progressive stages in preparation of specimens from welded coupoxu 
used in fatigue tests. 

A. Coupon as received from manufacturing company. 

B. square bars sawed from coupons. 

C. square bars turned to 

D. Center section of specimen reduced. 

E. Specimen polished, tapered at ends and tapped for '4 " <’ap screw. 

P Specimen after being broken in test machines. 
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The specimens were carefully placed in the testing machine and 
fastened to the spindle to give a true, even rotation without vibration. 
The speed of rotation, 1750 R.P.M., was such that no whip was pro- 
duced in the short specimen. 

The same procedure was carried through for each of the tests 
on the various types of welds. 


DATA 

The determination of the stress and loads for the specimens 
used in the fatigue tests for rotating beam machines was calculated 
as for a simple beam supported at each end with two concentrated 
loads equidistant from the center. 

The beam formula used in determining the stress at the center 
of the specimen is 

S = W(Li — La ) 

2I/c 

where (refer to Fig. 7) 

S = Unit stress in extreme fibre of the specimen in pounds per 
sq. in. 

I/c = section modulus in inches and for a circular member is 
.0982d* where d is diameter in Inches of the specimen at 
center or critical section. 

For a specimen .400'^ in diameter at critical section: 

S== W (Li — La) 

.01256 



Figure 7. Position of loads and diagramatic sketch for determining stresses. 
The weight of the bushings, bearings, and yokes which was in- 
cluded in the weight W, necessary to produce the stress, was 
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considered as being located one-half at either end of the yoke. The 
weight of the specimen itself, being small, was neglected. 

The trunnions supporting the ball bearings were set on a flat 
face to give as near line contact as possible, thus reducing friction 
to a negligible amount. By the use of ball bearings the torsional stress 
applied to the specimen also became very small and was neglected 
in stress calculations. 

Oxy-Acetylene Weld, Single V, Low Carbon Rod. 

Katio of Oxygen to Acetylene 1.14 
A1 - Series 
(See Graph A) 


Stress 

Specimen 

Cycles for failure 

25,000 

L 

138,700 

25,000 

J 

102,500 

22,500 

G 

565,000 

22,500 

I 

546,000 

22,500 

H 

31,000 

21.500 

0 

600,000 

20,000 

K 

822,000 

17,500 

D 

3,600,000 

17,500 

F 

4,080,000 

15,000 

C 

6,380,000 

15,500 

B 

6,120,000 

♦12,‘500 

E 

40,000,000 

♦12,500 

M 

40,000.000 


* Specimen did not break. 
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Oxy- Acetylene Weld, Double V, CR VA Rod 
Ratio of Oxygen to Acetylene 1.08 
A6 Scries 


(See Graph B) 


Stress 

Specimen 

Cycles for failure 

26,500 

C 

165,000 

26,500 

H 

152,000 

25,000 

I 

243,000 

25,000 

J 

248,000 

22,500 

N 

810,000 

22,500 

G 

790,000 

20,000 

M 

2,200,000 

20,000 

F 

7,080,000 

17,500 

O 

2,850,000 

17,500 

1) 

3,120,000 

15,000 

E 

2,930,000 

15,000 

L 

5,280,000 

♦12,500 

B 

40,000,000 

♦10,000 

N 

40,000,000 


* specimen did not break. 



10 ^ 10 ® 10 ® 10 ^ 10 ® 


C7cles for Rupture 
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Stress 

Resistance Weld 

AC Series 

(See Graph C) 
Specimen 

Cycles for failure 

35,000 

C 

259,000 

32,500 

B 

560,000 

32,500 

F 

728,000 

30,000 

H 

3,100,000 

30,000 

N 

1,330,000 

30,000 

M 

1.900,000 

27,500 

G 

4,850,000 

27,500 

G 

9,900,000 

27,500 

L 

4,250,000 

26,000 

O 

16,100,000 

26,000 

P 

20,800,000 

*25,000 

J 

40,000,000 

*22,500 

I 

40,000,000 

♦20,000 

K 

40,000,000 

♦15,000 

Q 

40,000,000 

♦15.000 

K 

40,000,000 

* Sp»*oimen did not break 





10 ^ 10 ® 10 ® 10 ^ 10 ® 


CTcles for Rupture 
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Atomic Hydrogen Weld, Double V, 20 Amp« 50 V. 
Filler Rod 54" Cr. Va, Oxweld 
No. 3 Series 


Stress 

(See Graph D) 

Cycles for failure 

25,000 


1,090,000 

25,000 


1,076,000 

22,500 


1,540,000 

22,500 


1,590,000 

20,000 


1,760,000 

20,000 


2,150,000 

20,000 


1,850,000 

20,000 


2,070,000 

17,500 


4,460,000 

17,500 


4,200,000 

15,000 


5,960,000 

15,000 


5,340,000 

♦12,500 


40,000,000 

♦12,500 


40,000,000 

* Specimen did not break. 
NOTE — Five specimens were 

eliminated from this group 

because of bad pits 
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Flash Weld 
AC Series 

(See Graph E) 


Stress 

Cycles for failure 

31,000 

598,420 

30,000 

889,000 

30,000 

1,520,000 

29,000 

2,040,000 

29,000 

2,519.000 

27,000 

5,620,000 

27,000 

12.820,000 

♦25,000 

40,000,000 

*25,000 

40,000,000 

*23,000 

40,000,000 

*23,000 

* Specimen did not break. 

40,000,000 

NOTE — ^Two specimens in the group 
free from pits and hard spots. 

were bent in machining. Entire group were 
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Metal Arc Weld, Single V 



200 amp. using low i 

carbon rod 


W1 Series 



(See Graph F) 


Stress 

Specimen 

Cycles for failure 

25,000 

A 

80,200 

22,500 

I 

1,400,000 

22,500 

C 

1,000,000 

21,500 

D 

2.050,000 

20,000 

H 

9,200,000 

20,000 

B 

8.400,000 

17,500 

E 

40,001,700 

*15,000 

G 

100,000,000 

*12,500 

F 

100,000,000 


* Specimen did not break. 

NOTE — Welds were made by an old experienced welder with the knowledge that 
his work was to be tested. Method of Procedure was left to welder. 
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Mietal Arc Weld, Double V, Lukens Steel Plate 
210 Amp 3/16" Rod (F) 

(See Graph G) 


Stress 

Specimen 

Cycles for Failure 

Avc. 

25,000 

1-2 

262,140 


25,000 

1-25 

324,000 

293,070 

20,000 

1-6 

407,240 


20,000 

1-22 

963,000 


20,000 

1-26 

655,750 


20,000 

1-8 

619,150 

663,785 

17,500 

1-16 

725.900 


17,500 

1-7 

1,194,000 


17,500 

1-10 

986,000 

968,630 

15,000 

1-11 

1,179,000 


15,000 

1-9 

2,094,000 


15,000 

1-3 

3,208,000 

2,160,513 

12.500 

M 

3,495,760 


12.500 

1-27 

3.185.200 

3.340,000 

1 10.000 

1-29 

814,000 


10.000 

1-20 

3.958.000 


10.000 

1-23 

2.890,050 

.... 3,424,025 

♦ 7.5(K) 

M8 

40,000,000 


* 7.500 

1-17 

40.000,000 

... 40,000,000 

* specimen did 
t Badly pitted, 

not break 
probably an end 

section Not included in average. 


NOTE—AveraKe 

tensile strength 

60.524 lbs per sq in. 
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Parent Metal Fire Box Steel 
15-20 A.S.M.E. Specification 

(See Graph H) 


Stress 

Cycles for failure 

45,000 

34,700 

42,500 

64,000 

42,500 

71,000 

40,000 

282,000 

40,000 

204,000 

37,500 

1,742,000 

t37,500 

292,000 

37,500 

1,107,000 

35,000 

5,742,000 

35,000 

6,720,000 

♦32,500 

40,000,000 

♦32,500 

40,000,000 

♦30,000 

40,000,000 

♦30,000 

40,000,000 


* Specimen did not break. 
I Specimen bont. 



16 


Metallic Arc Double V 
195 Amps 20 volts 3/16" rod 
P 1 Series 


1’— 1— K 

(See Graph J) 

27,500 

18,800 

P— 1— F 

25,000 

95,000 

P—1— I 

25,000 

708,000 

P— 1— E 

22,500 

142,500 

P_1_N 

20,000 

88,400 

P-l-J 

20,000 

t 

P— 1— M 

17,500 

110,000 

p_l_G 

17,500 

140,000 

P— 1— D 

15,000 

4,050,000 

P_1_15 

15,000 

1,910,000 

tP— 1— H 

12,500 

40,000,000 

t Loosened in spindlo. 

* Specimen did not break. 
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Oxy-Acctylenc Weld Double V Low Carbon Rod 
Ratio Oxygen to Acetylene 1.04 


A-4 Series 

(See Graph K) 


Specimen 

Stress 

Cycles for Failure 

A-4-~B 

22,500 

51,200 

A— 4— M 

22,500 

69,400 

A~4~C 

20,000 

63,000 

A— 4— F 

20,000 

89,300 

A — 4 — G 

20,000 

142,000 

A-~4— N 

17,500 

233,000 

A— 4— D 

17,500 

310,000 

A — 4 — K 

15,000 . 

1,187,000 

A— 4-1 

15,000 

901,000 

A — 4 — H 

15,000 

594,000 

A— 4—0 

12,500 

2,830,000 

A-~.4 — K 

12,500 

5,722,000 

♦A— 4 J 

10,000 

40,000,000 

♦A 4— L 

10,000 . 

40,000,000 


* 8peciinon did not break 



10 * 1 ®* 10 ® 10 ^ 10 ® 


Cycles for Rupture 
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Metallic Arc. Single V 
210 Amps. 5/32" Rod Lincoln L. C. 
W 3 Series 


(See Graph L) 


Specimen 

Stress 

Cycles for Failure 

W— 3— 2 

2.S,000 

78,000 

W— 3—8 

22,500 

147,000 

W— 3— 12 

22,500 

170,000 

W— 3— 6 

20,000 

582,000 

W~3— 11 

20,000 

630,000 

W— 3— 

17,500 

3,120,000 

W— 3-4 

17,500 

2,800,000 

♦W— 3— 3 

15,000 

40,000,000 

♦W— 3— 7 

15,000 

40,000,000 

*W— 3— 10 

12,500 

40,000,000 

*W— 3— 9 

12,500 

40,000,000 


* SpecinK'n did not break. 
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Oxy-Acetylcne Weld 
Sing^le V Va. Welding Rod Ratio 1.00 
A 3 Series 


Specimen 
A~-*3— “B 
A— 3— G 
A~3~-F 
A— 3— M 
A— 3— N 
A~*~3 — L/ 

A— 3—1 
A— 3— K 
A— 3— J 
A— 3— C 
♦A— 3— E 
>itA~-3— D 

* Specimen did not break, 
t Specimen bent in machine. 


(See Graph M) 
Stress 

27.500 

25,000 

25.000 

22.500 

22,500 

20.000 

20,000 . 

20,000 

17.500 

17,500 

15,000 

15,000 


Cycles for Failure 

171.000 

432.000 

661.000 

1.721.000 

1.322.000 

2.090.000 

5.120.000 
t 

6.421.000 

10,038,000 
40,000,000 
40,000,000 
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Cycles for Rupture 














Atomic Hydrogen Double V 
55 Amps ^ tungsten Electrodes 
3/16" Armco Filler Rod 
P 2 Series 


Specimen 

Stress 

Cycles for Failure 

P— 2— E 

27,500 

15,335 

P— 2-«l 

27,500 

11,275 

P_2—L 

25,000 

9,225 

P— 2— C 

25,000 

15,375 


22,500 

29,725 

P_2~~N 

22,500 

5,125 

P--2— D 

20,000 

132,125 

P-.2— F 

17,500 

12,360 

P— 2— K 

17,500 

870 

♦P— 2— B 

15,000 

40,000,000 

P-~2— J 

15,000 

230,625 


* specimen did not break. 

NOTE — ResnltR were so erratic and scatter of points so great that no trend curve 
could be determined. 


DISCUSSION OF GRAPHS 

The lines in the graphs representing the results of fatigue at cer- 
tain fixed stresses are by no means final and may be termed “trend 
lines” for the different types of welds. These lines furnish a basis 
for determining what to expect from vibration when no appreciable 
whip of the specimen occurs and when the deflection caused by such 
vibration of the specimen is not excessive. 

The work in the metallic arc group was not as satisfactory on 
the whole as were the other groups. In the metallic arc welded speci- 
mens a larger number of pits and oxide spots were present than in 
the other types of welds. Some specimens in the metallic arc welded 
group ran high in endurance limit, while others ran very low. The 
specimens which showed pitting on the finished surface were excluded 
when making up the graphs. 

An attempt was made to secure a metallic arc welded specimen 
from an experienced welder, who was aware that his welds were 
to be used in securing test data. The re.sult of fatigue tests of this 
series of samples is shown in Graph F, Page 14. It is interesting 
to note that the welder, when left to his own method of procedure 
used 200 amp with a low carbon rod, employing a short arc. This 
method, while producing a strong weld as far as fatigue is concerned 
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may not be an economical method of making a commercial weld be- 
cause of the time involved. The penetration in this weld was excel- 
lent and the deposited metal very uniform. 

The resistance and flash welds gave high values for resisting 
fatigue as shown by graphs C and E, pages 11 and 13 respectively. 
This is explained by the fact that the welds were free from pits, and 
oxide spots. This is due to the process of making the welds, since 
the arc produced in the welding operation excludes the formation 
of oxides and the formation of pockets from occluded gases. The 
welded metal is nece.ssarily the same as the parent metal since no 
electrode or filler rod is used. A comparison between the welded 
metal and parent metal is well illustrated by comparing the micro- 
graphs, Fig. 18, l^age 27. The light vertical streak through the 
central part of the upper micrographs shows the w’eld area. In this 
welded specimen this area is confined to a disc about 1/50 of an inch 
in thickness standing perpendicular to axis of specimen. There is a 
difference, however, in the hardness of the metal in the light streak 
representing the welded metal in comparison with that of the parent 
metal. This difference in hardness averaged about 20 points higher 
on the Rockwell B scale in the weld than in the parent metal for 
the 15-25 Fire Box Steel In the high carbon steels butt welded, 
there was noted a difference of 165 points on the Brinell scale be- 
tween the welded area and the parent metal. The weld area was 
much the harder of the two. 

The trend line in Graph D, Page 12, for atomic Hydrogen is close 
to the average of 3 samples presented and is not complete. This type 
of weld .seems to have a longer life for the higher stre'^scs than do 
either the nietalic arc or acetylene welds This, however, remains 
to be shown by a further .scries of tests. 

Graph I, Page 21, shows the entire group of trend lines plotted 
to the same scale and gives a general idea of the amount of stress 
which each group has stood in comparison to that of the fire box 
steel (unwelded) which is shown as the top line of the graph. 

The flash weld and resistance welds have approached the nearest 
to the endurance limit of the fire box steel unwelded If the welds 
had been heat treated to give uniform hardness and grain structure, 
it seems possible that they would have equaled the original metal in 
endurance limit. 
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A — On weld line (95x) B — Parent Metal next to weld line. 

(9r.x) 



C — Parent Metal affected by heat I> — Parent Metal (95x) 

from weld (,95x) 

Pijfiire 15. Metallic arc weld in Bethlehem Steel (C .16%, Mn .49%) ut>infi a 
3/16" electrode with a current of 195 Amp. 


24 





A— Oil weld line (95x) B- Parent Metal next to weld line 

(95X) 



C — ^Parent Metal affected by heat from D — Parent metal (95x) 

weld (95x) 

Figure 16. Atomic Hydrogen Weld in Bethlehem Steel (C .le'Tc, Mn 1.49%) using 
8/16'" lew carbon rod with tungsten electrodes with a current of 55 Amp 
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€ — Parent Metal (95x) D — On weld line (350x) 

Pignre^ 17. Oxy-acetylene weld in boiler plate using vanadium welding rod with 
an oxygen to acetylene ratio of 1. 
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A — On weld line (95x) B — In Parent Metal (95x) 

Fiifure 18 Flush weld using % cold rolled stock. 



A — On weld line (95x) B~In weld metal (95x) 

Figure 19 Oxy-acetylene w’^eld In boiler plate using chrome-vanadium welding 
rod with an oxygen to acetylene ratio of 1.08. 
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DISCUSSION OP MICROGRAPHS 

The micrographs of the different types of welds were made at 
95 Diameters. All specimens were etched in a solution of 10% nitric 
acid to 90 % grain alcohol. The etching of the welded metal required 
a longer period than did the parent metal. 

The micrographs show clearly that there are four areas in the 
welded region which are distinctly different considering them from 
the standpoint of grain sizes. Fig. 15, Page 24, shows these four 
areas : 

A — The deposited metal at the weld line. 

B — The Parent metal just outside the weld line. 

C — The Parent metal to which has been given a very fine grain 
structure due to the heat from rtie weld. 

D — The Parent or Stock metal itself. 

The difference in grain structure in these four areas adjacent to 
each other has an important bearing on the endurance limit of the 
welded metals in fatigue. » 

All welded specimens present this difference in grain structure. 
The atomic hydrogen weld appears to give the smallest grain struc- 
ture in the welded area and the oxy-acetylcne welds showed the larg- 
est grain structure for the welds which were included in these tests. 

In the oxy-acctylenc welds employing a chrome-vanadium rod or 
a vanadium rod, a serrated grain boundary was noted in the welded 
metal. The grain boundary at A, Fig. 17, Page 26, is typical of this 
metal. An enlarged picture of this type of grain boundary is shown 
at D in the same figure. 

From observations which were made, fatigue cracks at no time in 
any of the tests had their inception in these grain boundaries. 

If the grain structure in the weld metal, the parent metal adjacent 
to the weld, and the adjacent parent metal itself could be made uni- 
form in size, in all probability the endurance limit of the weld would 
be increased. This remains to be shown in further experiments with 
welded metals in fatigue. 
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Figure 20. Typical fractures of welded specimens under fatigue test. 

A. Metallic arc double V. 

B. Oxy-acetylene double V. 

C. Flash ^eld. 

(4x) 


Figures 20 and 21 respectively represent typical fractures of speci- 
mens when subjected to fatigue and tension tests. 

From Fig. 20 it appears that the point of weakness was in the 
bottom of the V At the boUc»m of the V in many ruptured specimens 
the surface seemed worn smooth by a scrubbing action of two sur- 
faces against each other, prior to ultimate failure. 

The single V metallic arc weld and the single V oxy-acetylene 
weld appear much stronger in fatigue than does the double V weld. 
In the single V weld the bottom of the V has been removed in 
machining the specimen from the welded coupon. In a field weld 
of either the single V or double V type this condition at the bottom 
of the V is liable to exist. 

It is yet to be determined if this failure at the center of the 
weld has been due to poor penetration or if the metal has in some way 
been weakened at this point in the welding operation. 
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Figure 21. Typical fractures of welded specimens under tension testa. 

A. Welded specimen, not tested. 

B. Flash welded specimen. 

C. Metal arc welded specimen, doable V. 

D. Kesistance welded specimen. 

E. Oxy-acetylene welded specimen. 

The surfaces which are worn smooth by the scrubbing action ap- 
pear to follow the plane of the scarf before the welding was begun. 

CONCLUSIONS 

It is at once apparent that welded specimens from fire box steel 
do not equal the endurance limit of that material unwelded. The 
three main reasons for such are: 

1. Non-homogeneous structure due to oxide spots and pits caused 
from gas inclusions. 

2. Difference in grain structure between the mt'lal in the weld 
and the metal in the original bar. 
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3. Difference in hardness between the metnl in the weld and the 
metal in the original bar. 

The first mentioned reason is probably the most important in 
bringing on fatigue. The presence of the small holes in the metal is 
not so harmful as usually supposed unless present in such large num- 
bers as to materially reduce the area of the cross section of the piece. 

The oxide spots and pits caused from gas inclusions during the 
welding operations can never be overcome by treating the weld and 
calls for further study along lines of shielding the arc by gases or 
other means in order to eliminate this objection and increase the 
endurance limit of welded steels. 

The last two reasons mentioned for bringing on undue fatigue, 
namely grain structure, and hardness may be overcome by proper 
heat treatment. Such treatment is possible in a limited number of 
shop welded articles but from a commerical standpoint will probably 
never be economical with welds in the field. 

The heat treatment of the weld will also help to eliminate the 
locked up stresses in the bar which have occurred in the welding 
operation. In certain cases these stresses have been determined as 
high as 25,000 to 35,000 lbs. per sq. in. When we consider these 
stresses in conjunction with the bending action of the metal in the 
rotating beam in which we have pre^icnt the forces in tension, in 
compression, and in shear, it is at once evident that the determination 
of total stresses in untreated commercial welds can never be deter- 
mined accurately. 

This study will be continued with tests on the different types of 
shielded metallic arc welds and on specimens of all types of welds 
which have been uniformly heat treated. 
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Washington State OoUege short wave transmitter used by 7BL and employ^ 
ing two 75<w»tt tubea. 
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THE SHORT WAVE TRANSMITTER 

by 

David H. Sloan* **" 


INTRODUCTION 

In the early days of radio, or “wireless”, it was the privilejs^e of 
the amateur to roam at will through the radio spectrum so lonjz as he 
kept t)ut of the way of the commercial operatt)rs. When greater com- 
mercial use was made (vf radio, the amateur w’as directed by the gov- 
ernment to confine his efforts to operations below' 200 meters, or 
above 1,5(K) KC Further commercial developments both domestic 
and foreign, caused a part of this radio territory to be turned over to 
commercial use, w’ith th<‘ result that the amateur was given somewhat 
narrow^er limits within which to work. At present (1929) the amateur 
transmitter is limited to oi>cration in the following bands: 

1715 - 2000 kc 14000 - 14400 kc 

35(K) - 4000 28000 - 30000 

7000 - 7300 560(X) - 60000 

4(KXKK) - 401 (X)0 

Owing tc» the present development of short wave transmitters, 
some of these bands are nmre in use than others, with the result that 
considerable interference is experienced in the most used bands This 
is due to the type of transmitter used in the past, which, owing to its 
design, and to the fluctuating power supply common to many amateur 
stations, had the habit of permitting its radiated frequency to wander 
up and down the radio spectrum unnecessarily. The result was that 
a comparatively few’ transmitting stations filled the entire frequency 

* Formerly radio oporator of KWSC, amateur operator under station license 7RL, 

and graduate student in Electrical Engineering, State College of Washington. 
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assignments and for more stations to attempt to use the ether resulted 
only in serious interference, and frequent un-authorized excursions 
outside the allotted bands. 

Thus has developed the need for a short-wave transmitter of more 
stable frequency characteristics which would use a limited frcciuency 
band in it?> operation and thereby reduce interference to a minimum 
The following report includes a variety of information which has been 
found useful in developing such radio transmitting stations It i^ 
intended to aid those who desire to understand more fully the detaiN 
of operation of this type of equipment and to set forth some ot the 
limitations and difficulties to he met in vacuum tube transmitter 
design Considerable familiarity with radio on the part of the reader 
is a‘?sumed. 


THE OSCILLATOR 

There are two common classes of vacuum tube oscillators, those 
which are controlled by quartz crystal resonators, and those which are 
self excited, the latter being by far the most numerous both in 
variet> and in usage. The crystal type (provided it is properly built 
and adjusted) is unquestionably the best where stability of frequency 
is desired It is nf)t to be recommended for general amateur use, 
however, because the frequenc}' cannot be shifted at will, although 
for a 'elation maintaining regular schedules this is a valuable feature 
The outi)Ut of a crystal oscillator should never Iw forced to the maxi- 
mum power f>htainable because of danger of cracking the crystal, 
but should be limited by the maximum grid voltage which the crystal 
can deliver without frequency modulation, due to lower fre(iuency 
vibrations caused by imperfect grinding and imperfections in the 
holder. This limit depends upon the individual crystal and its mounting. 

In the discussion of the self excited vacuum tube it may be well 
to review some of the theory of such oscillators, in as non-mathe- 
matical a manner as possible. l"or smii)licity either the Hartley or 
Colpitts circuits may be used, the former being selected because more 
people are familiar with it. l^ater, the relatinn between the more com- 
mon circuits will be shown and their features noted. 


6 




In ihc circinl of Figure 1, coiisuler tlu* tuiu*cl LC circuit and 
assume that the ('(uidenser C has received a charge due to closing 
s(mH' ‘-witch or to some other electrical disturbance in the circuit. 
.\mouL: oilier things tliis charge will pass from the po.siti\c to the 
neuatut -ide of C around through the inductance L, in the form of 
an eltctnc current (or, hetter, an electron flow in the opposite direc- 
tion) which in passing, sets up a magnetic held about T^. When com- 
pletely discharged to zero terminal volts, C can no longer force cur- 
rent through L, so the magnetic field about the latter collapses, gen- 
eratnm a \oltage in L v^hich tends to keep the current flowing. This 
causes a charge to reajipear in C. ojiiiosite in i>olarity to the first, and 
dinnni'-hed hy an amount determined by the energy lost in the process 
due to the current lieating the conductors, and may also be diminish- 
ed slightly hy some of the energy being expended in radiating an 
eleetromagnetie wave into space. Each successive charge appearing 
on C i*- therefore smaller than the preceding one, the ratio of one 
charec to that following it being knowui as the decrement of that 
circuit. 

The function of the vacuum tube is to take energy from the 
direct i iirreiit supply and add il to the EC circuit at the jiroper tinu 
and in the proper dircTtitm to maintain each charge on C i*\actl.\ 
ecjual to that preceding it. To do this the tube must suiijily as much 
energy a^ is lost in the resistance of the oscillating circuit. 

IE fore eKumining the operation of the tube in supplying the 
oscillatory circuit, it may be w’cll to recall a few of the characteristics 
of vacuum tubes themselves. The plate current increases with an in- 
crease in plate voltage faster than the direct relation given hy Ohm’'- 
law, in fact it changes approximately as the 3/2 power of the ^oltag^. 
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up to the saturation value of plate current, beyond which no great 
increase can be obtained unless the filament is made hotter to increase 
its electron emission. In ordinary triode oscillators using modern 
thoriated or oxide coated filaments this saturation current is seldom 
reached except at peaks of oscillations, at which times the extra 
electrons are readily supplied from the dense cloud of them sur- 
rounding the filament, the latter being restored while the oscillatory 
plate current is near its minimum. 

The grid, being nearer the filament than the plate, can draw 
electrons away from the filament with a much smaller voltage than 
is required by the plate. Thus a small positive grid potential will 
cause a large increase in plate current, since the strongly pnMtive 
plate w’ill take a large share of the electrons started away from the 
filament by the grid. Similarly a negative grid is very influential in 
preventing electrons from starting toward the plate. The magnitude 
of this effect is called the amplification constant of the tube Thus, 
if a tube has an amplification factor of 8 a change of one volt in erid 
voltage will cause the same change in plate current as would result 
from a charge of 8 volts on the plate. This is exi)ressc(l hy (1) 

8K, = —K,, ( 1 ) 

where K.. and Iv are pulsating, or rather oscillating voltages super- 
imposed on the grid and plate, respectively 

Although the grid voltage does not actually cause a new v<»ltace 
to appear in the plate circuit, the term 8 F'k expresses the actual 
change in the internal resistance due to in terms of a (juantity 
whicli may be treated as a voltage when dealing with the current 
which will flow. Et is in time phase with the additional voltage which 
would ha\e to he applied to the plate tu produce a gi\en current 
change, had there been no Ka applied to the grid. Also it is 180** 
out of phase with (that is, opposite at every instant to) the actual 
voltage change which it causes at the plate terminal of the tul>e if 
the circuit is such as to keep the plate current constant. 

Now' consider the tube connected as in Figure 1, and the time 
to be when C is discharging with the grid side of C negative. Because 
of this discharge the grid is becoming less negative, and by its action 
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incrca'^ini^ the i)late curnnit which together with the choke coil causes 
the plate voltage to drop, wdiich means that it is less positive, or more 
negati\e, and so by coupling through the blocking condenser, C\ it 
supplies electrons to C as well as on around through 11 to the powder 
supply and back to the filament, thus increasing the rate of dis- 
charge of C. After C is discharged the inductance of coil L resist'^ 
the decrease in the current through it and so tries to maintain the 
flow. This action of ly also holds the voltage of the grid positive and 
so the tube continues to supply electrons to C, thus heljong L to 
char;,;e the condenser C in the reverse direction. During this time 
the erid is getting more positive and the plate current increasing and 
its ^ oltage low'ering, or becoming more negative. A point is finally 
reached where the cycle in this direction ceases and the reverse half 
cycle begins. 

It may he shown that in a \acuuin tube oscillator, as in most 
otiur sources of electrical energy, the ma>cinuiin power output is 
obtained when the load impedance equals that of the generator. In 
the s.»-called low h»ss construction (»f the LC circuit an impedance 
tiiuch higher than that of the tube i^ obtained This apparently con- 
tradictor\ condition arises from the fact that w’hcn the LC circuit is 
madt up with a very low resistant e in L so that an t)scillating cur- 
rent flows hack and forth around the circuit L and C wdth very little 
loss \vt find that the oppt>sition to flow of current from the tube 
through ly and C in parallel hectuiies very high. (See any good text 
on alternating currents) So w’e make up a low loss oscillating circuit 
in order to get I lie desired high impedance in the tube circuit, and 
at the same time to reduce actual losses m the resistance of L to a 
mininuim. The impedance ()f the LC circuit can now’ he made equal 
to that of the tube by decreasing the effective resistance of the LC 
circuit. This is usually accomplished by coupling L to the output 
or antenna circuit and thus increasing the output to the antenna. 
This permits more current to flow in both tube and antenna circuits 
and so gives the effect of a decreased impedance in LC. This necessity 
for matching impedance limits the output of the tube to a value 
equal to the power the tube itself can dissipate, even under the 
most ideal conditions. It is true that the efficiency of the oscillator 
can he increased beyond S0V< , as a power converter, hut only by 
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permitting distortion of the output. Balanced circuits using two or 
more tubes can be arranged to give 85% to 90% efficiency and 
maintain a good output wave shape, but a single tube is limited to 
less than 50% efficiency when required to deliver a nearly sinusoidal 
output wave form. This will be explained in greater detail under 
power amplifiers. 

The most important feature in securing stability of frequency in 
self-cxcited oscillators is to be found in examining the expression for 
the generated frequency of the circuit which may be shown (More- 
croft, p. 579) to be: 

f = (1 + R' / R) / 2LC (2i 

where f is frequency of generated oscillation. 

R' is the effective series resistance of the LC circuit, that is, the 
resistance of h and its leads to C, including the effect <>f the 
energy delivered to the antenna. 

R is filament to plate resistance within the tube. 

L and C are constants of the tuned circuit, as in Figure 1. 

An examination of this equation brings to light many interesting 
facts regarding the behavior of the circuit. A variation in the \aluc 
of any term in the right hand member will affect the frequency. 
R', R, Iv, and C each have an interesting story to tell. It is desirable 
to have R' small and R large since they can not readily he made 
constant for all conditions of operation, and, of course, it is desirable 
to have each term remain as nearly constant as possible. X^w for 
the ways and means of securing stability of freijucncy. 

The load resistance R' represents the factor upon which the 
circuit is tf) perform its useful function of doing work, and cannot he 
made negligibly small and at the same time deliver power. Yet it is 
essential that its value he kept very small. The first thing to do is 
to eliminate all useless resistance. The part of the circuit whore a 
very low resistance is most effective is right in the LC circuit. At 
the present time there is no equipment on the market designed to 
meet these needs adequately at 7000 kilocycles and higher. Even the 
accepted leader of all variable transmitting condensers has very small 
terminal screws, so placed that a low resistance stator connection 
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is difficult to make. A fairly satisfactory arrangement for this type 
of condenser is to l)oIt two of them together, hack to back, and bond 
the frames with copper straps and the stators with a heavy copper 
plate, making connection to the four screws protruding from adjacent 
stator frames, to which are added several more heavy screws also 
binding the stators to the ccjpper plate. This plate also supports a 
heavy mounting terminal for the inductance, the other end of which 
i> attached to a similar terminal on the straps bonding together the 
condenser frames. The rotor connections were found to be the prin- 
cipal remaining s<mrce of resistance, as evidenced by their heating 
even with a moderate power oscillator. The problem of ccnl resist- 
ance is even more difficult. Of the many kinds of material tried for 
cf»ils, htdlow copper tubing was found to be the most satisfactory 
for moderate and low power oscillators, first, because of its low re- 
sistance, and second, because it can be very easily built into rigid 
self-supporting coils, and a suitable continuation of the tubing at 
each ind forms lovv resistance leads iu the condenser terminals. The 
turns should be wound with considerably less spacing than a dis- 
tance equal to their diameter so as to increase the inductance per 
turn and hence use less length of tubing. Extremely close spacing 
increases eddy current losses ccmsiderably se> that a space between 
turns of about half the diameter of the tubing is a fairly satisfactory 
valiu \\ ith this low resistance type of con.struction, the circulating 
current'' reach ama/ingly large values, so that heating bectimes a real 
problem Hea\y eopper ribbon, although harder to form into coils, 
is gnat]} to be preferred with an oscillator of 250 watts rating or 
gnater. Strips an inch wide and thick enough to make a rigid coil, 
wound flatwise, give excellent results. With no external load, the 
full output of the tul)c goes into the LC circuit, and although the 
impedance of the latter is then quite high and the tube output re- 
duced, considerable heat is developed. The oscillator cannot he loaded 
very heavily yvithoiit seriously increasing R\ so one must choose 
between a large R' wnth large powder output and a low’er value w'ith 
an increased stability. A moderately large output will he desired, even 
at a reduction of stability, so the next thing to do is to reduce the 
factors which cause frequency changes in the less stable set 

Stability is affected in tw’o ways wdien R' is large. First, a given 
per cent change wdll cause a larger change in frequency than when 
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R' is small, and second, the larger R' is the greater is the elTect of 
changing R caused by variation in the plate voltage. With an antenna 
which can not shift in the wind and change R', and with a pure direct 
current plate supply voltage, the value of R' can he made large, the 
power output of the tube greatly increased, and the ratio of u-^eful 
watts to those heating the LC circuit greatly increased. 

Notice this, however, that the above load can only be .supplied 
at a constant frequency when the constants in the equation arc con- 
stant, and that means R in particular, which changes inversely with 
the 2/3 power of the plate voltage. Hence a slight ripple in the d.c. 
supply voltage will change R and have a seriou.s effect on the fre- 
quency if R' is large. It is readily seen from this that to deliver a 
constant frequency to the load, the tube iiiust be supplied with pure 
direct current, or else the load resistance must be negligibly small 
This pre-supposcs that all values of L and C in the circuit art main- 
tained constant 

To meet the 1929 conditions fairly, the oscillator should be sup- 
plied with pure direct current and the load resistant e made ^mall 
as economical. 

A earner wave caused by pure direct current supply unmodu- 
lated, is not pleasant to listen to for any length of lime A gn«i(l 
solution to the problem is to modulate it at a fretiuency which will 
be pleasing to the ear. Hut amplitude modulation should never he 
applied to the oscillator on the short wave bands. The frequency 
modulation which results is tt»o great Refer again to equation (2) 
The smaller the values of L and C, (higher frequencies) the greater 
is the change in K' or K, even though the L and C were maintained 
absolutely constant. Thus we see that the short wave transmitter 
is confronted by the problem which is not at all serious on the longer 
waves above 600 meters. While noticeable at broadcast frequencies 
it is not very serious, when the apparatus is not overloaded. Hut the 
same per cent change in generated frequency (appropriately termed 
“wobbulation” by QST) is roughly 10 to 20 times as great in kilo- 
cycles on the 70(X) and 140(X) kc bands. When one considers that the 
per cent ‘*w’(ibbulation" is from 10 to 100 times as great in the aver- 
age amateur oscillator as in a good long wave commercial oscillator, 
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it is no wonder that the aniateur bands are such a mess of inter- 
ference. It is time for steps to be taken toward improving this 
condition. 

A single self-excited oscillating tube can be made to give a 
sufficiently stable frequency when properly managed. From the fore- 
going discussion the relative effect of the different variable factors 
connected with the circuit may be compared. Each amateur must 
decide for himself which will suit his equipment best, either a con- 
stant plate voltage and normal load on the tube, or a voltage supply 
wMth a ripple, and the tube operating at greatly reduced load, in 
which latter case it may be well to use a power amplifier tube. In no 
case should the plate supply have more than 15Vr to 20 ^/r ripple if 
the frequency is to remain reasonably constant throughout one cycle 
of the ripple. 

The next j^roblem is that of the ratio of L to C in the oscillator 
circuit. There are arguments in favor of a high ratio, as well as 
favoring a low one. The vacuum tube is primarily a voltage operated 
device, and as such it is much easier to obtain high efficiency with a 
high L/C ratio, because the inductive reactance increases nearly with 
the square of the number of turns and requires a wattless current to 
give a reactance drop or vtdtage across it, whereas the resistance 
increases only .slightly faster than the first power of the number of 
turnc at radio frequencies, and it is the resistance which wastes power. 
This accounts for the increased heating of the LC circuit when L is 
small, for the larger current which must then flow to give an imped- 
ance dr(»i) to suit the tube, meets with a greater ratio of resistance to 
reactance, in spite of the fact that the resistance has been reduced. 

Hut wc are more concerned with the frequency stability than 
with the electrical efficiency tff the circuit. Equation (2) indicates 
unquestionably better stability for the lower R' circuit arrangement, 
other things being equal, 

The effect of L and C changes due to external causes, such as 
tube and apparatus heating, has been wrongly interpreted in many 
instances. When a transmitter warms up, the frequency usually de- 
creases, yet lube heating, which reduces its effective capacity w'ould 
cause the frequency to increase. The heating of the inductance, which 
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causes a slight increase in diameter with the consequent rise in in- 
ductance and lowering of frequency, may be much more than enough 
to offset the rise due to decreased capacity. In the circuit with high 
L/C ratio where heating is greater, one would expect a large decrease 
in frequency, hut such is not usually the case, fortunately, lor the 
heating of the condenser end plates and plate supports reduces the 
capacity of the circuit enough to compensate, or even cause a rise, in 
frequency. Here again is room for experiment by each individual 
station builder, io hnd out how best to use his available apparatus 


THE POWER AMPLIFIER 



The power amplifier is by far the most suitable arrangement lor the 
amateur who desires more than a few watts output, yet has insufhcienl 
direct current tor the plate siqiply. It is also the ideal way to get a low’ 
note ripple in the output frequency without causing that frequency 
to shift by more than the low modulating frequency, or in other 
words, to obtain the ripple without “w-obbulation.” The best feature, 
however, is the great increase in pow’cr output obtainable from a given 
tube, being from tw^o to five times as great as for that lube acting 
as an oscillator. 

The tuned plate circuit of a power amplifier tube may he one 
with a high L/C ratio, to obtain better tube efficiency, and yet this 
circuit will have very little effect on thd frequency of the oscillator, 
w^hich should be built with great care to obtain stability. 

It may be well to review’ briefly the action of an amplifier, keep- 
ing in mind its application to radio frequencies. Let us assume that 
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in all cases the output circuit impedance is made equal to, at least 
within 30^/r, of the tube impedance. 
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The familiar representation Kbcn in Figure 3 shows the nearly 
ideal functioning of a tube as a distortionless amplifier. But the 
trouble is that onh a po>\er output of less than lO^f of the rated' watts 
plate dissipation of the tube may be obtained before the distortion 
becomes noticeable. Only with an infinitely small output can the 
ordinary triode be called 100% distortionless. For practical purposes 
it has been found that 5% second harmonic distortion may be *toler- 
4^ted in good audio amplification. On this basis one may expect an 
output equal to approximately 20% of the plate dissipation rating. 
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Except in certain phone combinations to be discussed later, this type 
of amplification has no practical value in amateur transmission, be- 
cause of its low efficiency. 



Passing to the condition shown in Figure 4, which shows the 
introduction of a third harmonic in the output, we find another 
interesting hut impractical radio frequency amplifier, for it, too, has 
a relatively low efficiency. The adjustment for Figure 4 may be ob- 
tained most easily by reducing the plate and grid battery voltage 
by about 25%, so that the alternating grid potential will cause the 
grid to swing negative past the lower curve in the characteristic 
curve, with a lessening in the plate current decrease at the negative 
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peak of the cycle. The grid now actually swings past the zero value 
and slightly positive, but the grid current which flows under these 
conditions causes a voltage drop across the impedance of the excit- 
ing current which prevents the grid becoming as positive as the 
applied voltages would otherwise make it. The resultant flattening 
of both the positive and negative peaks of the output alternating 
current is the equivalent of adding to this current one of triple the 
frequency, as may be seen from Figure 4. This method is useful for 
tripling the frequency t)f the supplied e, in. f., where power output 
efficiency is of minor importance, hut here again, the amateur, in 
search of m(»re efficient methods of utilizing his small outlay of 
equipment, may resort to another type of distortion for .second as 
well as third harmonic amplification It must be remembered in 
this discussion of 1st, 2nd, and 3rd harmonic amplification that there 
are also present several hundred higher harmonics of a very much 
smaller magnitude, which are acct»unted for mathematically by show- 
ing that tiny are all sine waves, adding up to compose the actual 
irregular wave generated by the tube. When the tube is forced 
considerably less than indicated in Figure 3, all harmonics higher 
than about the fifth or seventh are negligible, but when operated as 
amateurs are wont to do, the number noticeable may easily be in- 
creased tenfold- It is well, then, to ha\e a fair idea of the fundamental 
processes in order to emphasize the particular harmonic desired in a 
given set-up of apparatus. 

With the grid biased almost enough to cut off the plate current,* 
and with grid excitation just low’ enough not to swing the grid 
positive and draw grid current, a somewhat more efficient distortion 
amplifier than the foregtung types is t)btained, giving about one-fourtli 
hn many watts second harmonic as the rated plate dissipation watts. 
All of these amplifiers, characterized by the grid excitation shown 
in Figures 3, 4, and .S, are useful only for experimental radio fre- 
quency power amidifiers in which it is desired t«) study the behavior 
of the tube and circuits, with a view toward an understanding of 
w’hat takes place in the more useful power amplifier arrangement in 
which a large grid current is drawn, even though the tube is biased 
beyond the normal plate current cut-off. 
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POWER AMPLIFIER DRAWING GRID CURRENT 

It is in this class that the practical i)uv\er amplificTN helon^, f<>r 
l>y ihi^ iDfthod relatively larj^c ()Uti)Uts may he obtained, with effici- 
encies raiijL^in^j; from 009^ to 85V^ It is interesting to note that 
where ])late heating is the factor determining maximum output of 
the tube, the output at 85 9^ efficiency can saf<‘ly be almost five times 
as great as at 50 efficiency. 

For this use the lilamcnt must be able to supply sufficient emis- 
sion to give the maximum plate current which the tube will draw^ 
with the grid strongly positive. The static characteristic of the tube 
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will hi* similar ti> Figure 6, curve S, with the most valuahle section 
lying between a and h. Of course, the actual values for such a cur\e 
can not be measured because such currents would destroy the tube 
if allowed to flow more than momentarily, and are very hard to 
obtain i\en with an oscillograph. The dynamic characteristic, wdth a 
load impedance aiiproximately equal t > that of the plate, will give a 
cur\e, the \ allies of which are fortunately n(»l so destructixe to the 
Uibe, and permit the tulie to be operated with the currents more like 
thosf of curve J ), I'iguri* 6. The slope of the ])late current then falls 



Figure 6 

<dY rapidly when the plate ^oltagc is reduced (by the drop across the 
load impedance L. Figure 2), to a \aliie near that of the grid \<dtagc 
The plate LC or tank circuit should be tuned very close to the fre- 
(piency being amjilified, and in this condition for the usual change^ m 
plate current it W’ill act almost like a series resistance in the plate 
circuit, yet retaining the powder of the inductance to generate counter 
electro-motive forces opposing current changes in the plate circuit. 
A large positive grid voltage stiddenh applied can reduce the plate 
\oltage to zero or e\en make it negatiw because of the impedance 
in the plate supply circuit, and \ice versa Suddenly swinging thi-^ 
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positive grid voltage to a large negative value causes a large decrease 
in the abnormally high plate current resulting in the plate rising to a 
very high j)ositive i)otential. These large swings in plate voltage, caused 
by swinging the grid from very large negative to large positive values, 
allow very large impulses of current to be set up in the tuned i^latc circuit. 

To raise the grid to a positive potential in spite of the negative 
electrons which immediately begin flowing to it (and which tend to 
cause it to remain negative), requires power in large amounts, com- 
pared with that needed to merely change the instantaneou.s potential 
of a negative grid which at no time draw’s much current, as in Figures 
3 and 5. These latter require only a capacity charging current. Fig- 
ure 4 is a case of a grid excitation source with voltage sufficient to 
make the grid positive but without powaT enough in this source to 
drive the grid very far positive against the ‘effect of the grid current 
drawn from the space charge. 

For fundamental (or first harmonic) ami)lification, the grid may 
he biased to some value W, Figure 6, which presents a long dynamic 
curve tow’ard either side of \V. The more positive this point the 
greater is the plate heating for the same power output, and the more 
negative the point W is taken, the smaller is the maximum power out- 
put obtainable with excitation great enough to lower the i>lute \olt- 
age to a value similar to that of the most positixe grid potential 
Since the output wave is distorted, giving undesirable harmonics, 
when the plate voltage is forced low^cr than the grid voltage, it is 
seldom desirable to excite the grid strongly enough to cause this 
unnecessary lowering of plate voltage. 

The values of voltage are hard to determine beforehand and 
-much harder to measure. The best way to adjust the power aniiilifier 
is to keep in mind the effect of each voltage and t<> vary the bias 
and excitation over a considerable range, and select a value giving 
the greate.st tank circuit current with minimum input and plate 
heating and he sure the value selected is one which will not melt the 
grid. The grid should not he run at more than a dull red heat to 
avoid a large secondary emission of electrons frf>m it. 

To apply this type of amplification to second and third harmonic 
amplification, the scheme of Figures 5 and 6 may be used. Figure 
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5 is suited only to second haroiionic amplification, and then only when 
the excitation is powerful enough to drive the grid to large positive 
values without the effect of Figure 4. Remember that these must be 
dynamic and not static characteristic curves. In Figure 6, for second 
harmonic amplification, the bias is put at X, and excitation increased 
accordingly. T(t obtain an almost pure second harmonic, the bias 
may be increased tt> some point Y, at which plate current can flow 
only one-half of each positive half cycle, or one-fourth of a cycle 
at the fundamental frequency which means that the second harmonic 
frequency current in the plate circuit flows only one half cycle in 
each four half cycles, the oscillating current in LC being maintained 
the other three half cycles by having a tank circuit with low decre- 
ment tuned to the second harmonic. By increasing the bias to Z, 
a \alue will he found w^hich will energize a tank circuit tuned to the third 
harmonic only once in six half cycles. ICfficiencies of 3i)Vf to 
may be obtained with this type of harmonic amplifier. 

The self excited oscillat<»r may be considered as a powder amplifier 
circuit whose grid excitation is obtained from a circuit coupled to 
the output of the amplifier. Keeping this in mind the adju.stment of an 
oscillator and its biasing grid leak and condenser can be regulated to 
gi\e better efficiency than is obtained in many amateur stations. This 
becomes especially important wdth the new requirements by law con- 
cerning the stability of the output, to meet which the oscillator is 
handicapped by a lower L/C ratio circuit and by a reduced antenna load 
or looser antenna coupling, making a ^ery small gain in efficiency worth 
while. 

Concerning the value of grid and plate alternating voltages in a 
self excited oscillator, there is apparently a misunderstanding by 
s(»nu‘ of the amateurs which may be explained aw'ay in this manner. 
Take the Hartley circuit of Figure 1, with a double stator con- 
denser for symmetry of diagram. The plate section of the inductance, 
Lp, with its capacity may be considered as the tuned output, and Lk 
with its capacity as the tuned input to the tube. The actual fre- 
quency will be that of the combined total L and C, since they are 
built as one circuit, Lp and Lu being closely coupled. The impedance 
of Lp and Lk with their respcctixe capacities may he .seen more clear- 
ly in the Armstrong tuned grid and plate circuit where the two cir- 
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cuit.s are entirely re^nioved from each other, the grid circuit receiving 
its powH'r from the plate output tank circuit only by capacitive 
coupling through the tube. This separation of Lp and is seen in 
the Meissner circuit also, where they are coupled only through the 
load. 

The location of the filament lap on L is not a case of trying to 
find a voltage node on L, because this node must be wherever the 
tap is placed. It is a case of changing the ratio of grid to plate volt- 
ages, with L acting as an auto-transformer. When the proper ratio of 
L|, to is obtained to give the proper bias for the grid leak and 
condenser used, then try other values of the leak and condenser, and 
find the best new position of the filament tap on L. Usually one 
knows beforehand the size of leak to use witli the tube, and the size 
grid condenser for that tube ff)r the frequency desired. A value of 
250 to 1000 mmf. for the common tubes is suitable for all theqx^jpular 
short wave channels in amateur use, and this value is not at all 
critical. The leak is a little more critical for the best bias. Then it 
is chiefly a case of setting the filament tap on for the best voltage* 
ratio in any particular set. The value of this ratio changes slightly 
with the load on the UC circuit, and the. position along ], to obtain 
a given ratio changes slightly with different methods of coupling the 
load to the LC circuit. The best adjustment therefore is a matter of 
trial only. When these ratios are correct at one plate voltage they 
will hold (»\cr a wide range of plate voltages because fv- and the ]»ias 
due to the grid leak will increase and decrease the right amount as 
E„ changes. Ei, and Ek' may be average, r.m.s, or peak \ allies of the 
alternating components. This is where the power amplifier is at a 
disadvantage, since there is usually nothing to change the excitation 
or the bias as the plate voltage is changed. Normal usage, however, 
does not require a change in this plate voltage. 


PUSH-PULL AMPLIFIERS AND OSCILLATORS 

To eliminate .second harmonic distortion either in audio ampli- 
fiers, radio power amplifiers, or in oscillators, use is made of the push- 
pull circuit to provide a symmetrical output; one half cycle being the 
exact shape but opposite in polarity to the one preceding or following 
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it. The symmetrical wave, no *matter how greatly it differs from a sine 
wave, may have odd harmonic components. Since a vacuum tube can 
be forced to greater voltage variations before the third harmonic is 
troublesome than it can before the second begins to manifest itself, 
as seen in Figures 4 and 5, each tube in the push-pull circuit may be 
run at a higher output than that tube could have been alone. Thu«; 
in an amplifier nut limited by breakdown voltage, the output can be 
increased much nn)re than double by using two tubes in the push-pull 
arrangement. Although a high L to C ratio is quite desirable in the 
output of an ordinary radio frequency amplifier, it is much more im- 
portant in a push-pull circuit since only one-half of the voltage drop 
across the tank circuit is available for each of the tubes working into 
it This same consideration acts against the desirability of a push-pull 
oscillator for an increase in output, because the resulting high L to C 
ratio needed to obtain power causes instability of frequency, even 
tlKiUgh the tube capacitits are in series. However, an oscillator of 
this type will give a very pure wave shape, if the supply voltage and 
load resistance can be held constant. The Mesny* circuit is merely 
a i>ush-i)ull arraiigeinenl of the tuned grid and plate, and of the 
Hartley circuit Another combination may be had by taking two 
Hartley oscillators, and exciting the grid of one from the plate 
circuit of the other, and the grid of the latter being excited from the 
I)late circuit t)f the former. This latter arrangement, while permitting 
the operation of two or (\en three or more lubes in senes, and thus 
gelling dow'ii to a slightly shorter wa\ e length than wdth one tube, 
docs ui)t ha\e the balancing effect found in the Mesny arrangement, 
although the latter will not go to such a short wave length. The 
Mesny does not eliminate chokes and blocking condensers, however, 
and in this respect it i.s to be preferred to the regular series operation 

POWER SUPPLY 

It is clear that the ^ acuum tube cannot generate a constant fre- 
quency over a range of plate voltages This does not mean merely 
modulation of the generated frequency by adding and subtracting 
the supply ripple frequency but an actual change in generated fre- 

■* Mesny, It.: nee page ll>7. Radio Engineering Principles, by Laiter and Brown 


23 



quency for the different voltages caused by the ripple. Proper circuit 
design and adjustment can be made to greatly minimize this tendency 
toward frequency modulation or “wobbulation.” 

In any oscillator which is to be used for telegraph work it is 
still desirable to have a pure direct current plate supply, and add the 
side bands so popular for steady copying by modulating the pure cw 
in a power amplifier stage. 

To obtain the pure unmodulated direct current there are many 
types of rectifiers available, as well as motor generators. For low 
voltages, up to 1000 volts, the UX281 kenotron is probably the best, 
while for higher voltages and higher power the mercury arc rectifier 
is very desirable because of its low voltage drop. The starting and 
keep alive circuits are very bothersome, however. A new hot cathode 
mercury vapor tube is av’ailablc for amateur use, in two sizes, a pair 
of the smaller being large enough to operate a 250 watt tube at nearly 
normal output, delivering 600 milliamperes at 1500 volts, or 400 milli- 
amperes at 1750 volts, depending upon the filter circuit. A pair of the 
larger tubes will supply about five amperes kt 4(KX) volts. These tubes 
have a drop of only four or five volts from cathode to anode, and 
have a v'ery high over-all efficiency. It would seem that this is to be 
the answer to the long demand for a sturdy and efficient rectifier. 


THE ANTENNA 

A great deal has been written about a great many variations of 
the open Hertzian resonator as a radiator of electro-magnetic waves. 
There are a few points which have received little or no attention, 
although they arc involved in most antenna problems. A much better 
understanding may be had by considering first the antenna as a 
circuit in which wave transmission and reflection phenomena occur, 
and then consider what is essential to the radiation of the energy. 

Take the case of an infinitely long insulated straight conductor. 
If a charge is put on one end of this wire, its effect will be to raise 
the potential of the wire at that end. The electric field about this 
charged end tends to raise the potential of nearby object.s. This effect 
is greatest on adjacent ])ortions of the wire, and a wave travels out 
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along the wire with a speed nearly equal to that of light, raising the 
potential at each successive point. The energy by which the charge 
is carried along the wire is stored in space as an electric and magnetic 
field. The magnitude of the charge is reduced or attenuated as it 
progresses, due to resistance losses and leakage, but it stores most 
of its energy in “fresh ether” around the wire continuously and ex- 
pands both magnetic and electric fields as it travels out along the 
wire. If the wire has an end as most antennae do, the charge stops 
its travel on reaching the end and reversal begins. The two fields 
can not collapse completely on this rapid reversal but the electric 
charge and its field arc reflected hack along the wire with increased 
values. The interk»cking of electric and magnetic fields makes it 
possible for a portiijn of the energy stored in the space around the 
antenna to maintain itself as a travelling wave much as an oscillating 
float can send out surface waves on water. These waves absorb energy 
from the (Oscillator and never return, but travel away until their 
energy is all lost in various absorbing media or receiving circuits, 
useful or (Uherwise.* 

Using a pair of insulated wires in the above experiment, opposite 
charges being impressed on each, the wave would travel to the end, 
and upon being reflected the interlinking of fields would prevent aj)- 
jorcciable radiation, really trading energy from (me wire t(.> the other 
at the reversal. However, it a transformer of the same impedance 
as the line w’ere placed at the end of the line the opposite charges 
would flow’ int(» the transformer just as int(j a continuation of the line, 
and w’ith no reflection ix^ssiblc the radiation would in this instance 
also he negligible, hut energy would he taken into a secondary circuit 
of the transformer. 

A line in which no reflections occur from the ends has an ex- 
ponentially decreasing voltage along the line as the distance incnascs 
from the sending end. How’cvcr, if this insulated line has both ends 
insulated, so the energy upon reaching an end is reflected hack, and 
another charge is added in phase wdth the reflected one when it gets 
hack to the origin, the reflection frf»m end to end may he ])uilt up at 
this resonant frequency. The line then becomes one type of Hertzian 

See Richtmyer, Jiitrodurtion to Modern PhyRics, for a rigoroiiR statement. 
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antenna, voltage excited at one end. Radiation now takes a well 
defined character, the electrostatic component reaching a maximum at 
the reversal of the charge upon reaching an end, and the electro- 
magnetic component reaching its maximum 90® later as the current 
at the voltage nodes passes through its maximum. Standing waves 
are now present along the w'ire, the voltage nodes never rising in 
potential as each point along the wire does with travelling waves, 
because the periodic oscillation of the charge and its fields tends to 
make one voltage antinode as much positive with respect to space 
as the next antinode is negative, thereby permitting the voltage node 
to be a point never changing its potential with respect to space. 

If now the secondary of the transformer terminating the two- 
wire transmission line be inserted at the voltage node of an open 
antenna such as the one just described this antenna may receive its 
energy periodically, in phase with the current at this point, 90® out of 
phase with the time of maximum energy input by the voltage feed at 
the end of the line. Energj' may be given to the transmission line 
by a similar transformer whose secondary impedance matches that 
of the line, and whose primary receives its power from a vacuum tube 
oscillator or amplifier circuit. 

The natural or surge impedance of a two-wire transmission lino 
is easily calculated from the relation Z., = L/C, where I. and C are 
in henries and farads per unit length of line. Since these qualities 
increase directly wdth length of line, the value of '^urge impedance 
remains constant for any length, being determined only by wire 
diameter and spacing. Fur the ordinary two-wire line, No. 10 U) 
No. 14, spaced about 10 to 18 inches, this value of Z., lies between 
500 and 700 ohms A coil of this impedance is rather large sized, for 
broadcast or amateur frequencies, so a line of low’er impedance is 
desirable. It was found that an 80-foot twisted pair of No. 8 rubber 
cov^ered wire had a surge impedance of 28 ohms. A transformer to 
match this was easily built, three turns of a 13" diameter antenna 
loading coil used as an auto transformer being about right at 760 
kc. With this arrangement the transfer of energy from a 500 watt 
power amplifier tank circuit through 80 feet of transmission line to 
the antenna was as good as if the antenna w^ere brought into the 
station and conductively or inductively coupled to the tank circuit. 
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Tht" dielectric lo'^ses in the insulation were negligible, since a potential 
of less than UK) volts existed between the wires of the line. 

In view of the success of this line at 760 kc, one uas constructed 
for 15,000 kc or 20 ineters, and was made 280 feet long, connected 
to a four-turn inductance three inches in diameter, for coupling the 
line to the load conductively and to the oscillator inductively. Figure 
7, With a constant output of 500 watts from the oscillator-power 
amplifier the power in the antenna, coupled in the regular inductive 
fashion, was 500 w^atts, a.s compared to 375 w’atts wdien transmitted 
through the line. This represents a loss t)f 25% of the energy, chiefly 
as a dielectric loss, in the transmisMon line. 
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In consideration of the ease of installation t)f this twdsted pair, 
and its non-radiating characteristics, and independence from sur- 
rounding objects, it may be found of value when the usual methods 
are unsatisfactt>ry fc»r connecting the transmitter to the antenna be- 
cause of a poor location of the apparatus. Its only objectionable 
feature is the inability to cover a wide range of frequencies such as 
harmonic w’ave bands, but it will easily cover any one of the short 
wave bands without change of adjustment. Separate systems may be 
provided for each wave band, if several are desired. 
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Another system, suggested by the above, involves the so-called voltage 
feed Hertzian antenna, the adjustments of which are commonly very 
difficult to make. 






Osc. 


fiOfOJfJlJtA 


One w/r» 

transmission /ine . 


ggJ20tf&0 


Figure 8 


The iinpeda?ice of a tw'o-vvire line in determined by the L and C 
per unit length, Zo = \'L/C. This is not so easily ;ippli<‘d to a single 
wire line, in whiedi the L increases by an increasing increment with 
each unit increase in length, and the C increa.ses by a decreasing 
amount for each additional unit length. Thus the value of 7.,, for a 
No. 12 wire at radio frequencies vanes in somewhat the following 
manner: 


Length 

1 cm. 

10 cm 
100 .cm. 

10 meters 
100 meters 


Kntural imp«cUnc« 
132 tdim^ 

274 ohms 
371 ohms 
550 ohms 
690 ohms 


It will be noticed that for all the ttsual feeder lengths, which will 
be between 10 and 100 meters long, the impedance changes only a 
small amount. With a line 10 meters long one may with a great 
amount of patience find a point on a particular Hertz antenna which 
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will have an impedance to the feeding circuit of 550 ohms. 
Another way is to try the arrangement of Figure 8, where the imped- 
ance of Lj is approximately 550 ohms at the resonant frequency of 
the Hertz antenna, and La is just large enough to couple the desired 
amount of energy from Li into the antenna circuit. This transmission 
line will be practically non-radiating and its impedance will be practically 
constant even when swinging \iolently, and therefore will cause almost 
zero variation in prnvcr output, and generated frequency. 

Most stations desire a single antenna ft>r several harmonic wave 
bands. The current feed Hertzian system with standing waves, or 
the voltage feed “Zeppelin” antenna with a similar feed line but 
one-fourth wave-length longer or shorter than for the Hertzian antenna 
are \cry pof)ular and ha\c several commendable features. Both of these 
systems are long, harmonically resonant antennas, of which a p(»rtion 
has been folded back upon itself at the proper place to have the field 
of t)ne wire in the “transmission” line cancel the major pc>rtion of the 
field of the other wire. 

Where strong radiation frcun that portion of these systems near 
the transmitter is not objecticuiable, a much simpler method may be 
Used, by not “folding up“ a p(>rtion and using that to couple to the 
oscillator, but to couple the free end of the antenna, which wdll be 
a voltage antin<Kle at all harmonics, directly to the “live” end of the 
output tank circuit of the transmitter, which will always havx* the 
desired voltage and impedance for matching the free end of the 
antenna If a jiush-pull jiovver amplifier is used so that both ends of 
the inductance are at high radio frequency potential to ground, 
coupling to one end will cause the unloaded half of the circuit to 
transfer energy to the loaded portion, as in an auto transformer. 

In the calculation the length of wire which will resonate at a 
given frequency, there is some discussion as to wdiat fraction of a 
wavelength the wire should be. Perhaps the following will help to 
eliminate some of the unnecessary ettnfusion and arguments. 

For a wire resonant at its fundamental frequency as in Figure 9 
(a), let it be assu-med that for a given installation the length of the 
wire is found to he .44 times the wavelength. Then for (a) the ratio 
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of wire length to wavelength i>f the staiuhng wave upon it is .88, for 
(h) it is .94, and for (e) it is .97. The dUTcrence found betw(‘tMi the 
end segments and tho^^e intermediate is due to the fact that the 
charge can travel faster along the sections of the wire which are 
terminated at both ends by more wire, m wdiich case tlie section is 
terminated by matched impedances, wdth no tendency to reverse the 
direction of flow’. The end sections for w’hk'h one end <>f eavh is oj>en, 
ha\ e a considerably increased capacity due to the o))jects beyond 
the end of the wire, such as guy wnres, tow’crs, etc. This results in a 
quite different electrostatic field distribution and a lowered velocity 
of travel along the wire in the end scctimis. The cliarge travels Avith 
nearly the velocity of light along the wire between x and y of Figure 
9 (b) and (c), while it seems to travel with an a\erage \elocity only 
.88 as great in the end sections, though this c(»rrection factor varic'' 
with the local conditions. 

For this reason a w'ire resonant at 80 meters w’ill have its har- 
immics at about 37.5 and 18,3 meters. As the number «)f harmonic^, 
increases, the wavelength approaches exact harmonics of 75 meters, 
the actual wavelength of this much wdre if terminated at each end 
1»> an infinite length of wire rather than by an insulator 


RECEIVING CIRCUITS 

Such a w'calth of information on this subject ha.s l)cen published 
in QST that it is hardly necessary to dwell upon it here. However, 
a few words might not be amiss. 
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The single regenerati\e detector with plug in coils and tuning 
condensers, built with the usual low-loss construction, will probably 
be the most popular arrangement for some time to come. With the 
increased stability of transmitter frequencies one stage of tuned audio 
ainpliheation seems to have great possibilities for increasing selectiv- 
ity. A 'iharply tuned circuit with high ratio of L to C, adjustable to 
•several audio frequencies, as the plate impedance for coupling foui 
clement amplifier into a 201 A or 112A tube for second audio stage, 
gi\es very good audio frequency selective amplification. 

The use of an untuned shield grid tube for coupling the antenna 
to the detector tuning circuit is valuable for isolating the effect of 
tuning in one circuit upon that of the other, and prevents radiation 
As commonly used, the radio frequency amplifier provides only a little 
gain in signal strength, and this in a less de.sirablc form than might be 
had by the use of a tuned audio stage. However, wdth proper pre- 
cautions the screen grid tube can lie made to give a large gain on 20 
or ( ven 10 meters alth<mgh it i< doubtful whether or not this gain i> 
really useful in increasing the range of the receiver. 

When using a UX222 or the A.C. model screen grid tube as a 
radii> frequency ainj>lifier in any circuit, the following precautions are 
necessary ftir amplihcati(»n at high fre(|ucncies, due to the impedance 
<lrops along the leads within the tubes. Put a by-pass condenser. .001 
tn .(KJfi, from the screen grid teriumal and from the positive end of 
the filament to tlie filameiil minus. It doesn't matter wdiich end i^ 
]>lus or minus. These are best strapped to the base of the tube itself 
The filament minus is then by-passed t(» ground, as near to the tube 
terminal as the connection can be made. Experimental tubes ha\ e 
been made with the screen grid lead out the side of the tube, for a 
more direct by-pass to ground. A close fitting metal cover around 
the tube, also grounded, reduces the feed back through the tube still 
further. Put this tube, shield, and byqiass condensers in the circuit 
shield enclosing the output circuit of the tube. The input circuit is 
outside of this shield, leading to the shield grid terminal on the top 
of the tube by a short direct lead, also preferably shielded. This re- 
duces the energy transferred from the plate back to the grid circuit 
and perinits very great amplification even at ten or twenty meter" 
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When thus shielded, a tuned input may be used to advantage with 
the conventional one stage radio frequency and oscillating detector 
with the tuning of one circuit absolutely independent of that of the 
other. Of course it is necessary to put radio frequency chokes and 
by-pass condensers in each battery lead and the output, which have 
wires passing through the shielding. 

The author wishes to thank the members of the electrical en- 
gineering faculty for their valuable assistance in collecting this in- 
formation, and is greatly indebted to Mr. H. V. Carpenter, Dean of 
the College of Engineering, the State College of Washington, for 
his timely suggestions and valuable assistance in the preparation of 
this material. 
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THE ELASTICITY OF CONCRETE 


by H. H. Langdon 


INTRODUCTION 

Concrete is one of the leading materials of construction. It 
is therefore essential that we know accurately the phy.sical properties 
of concrete in order that we can design our structures for the greatest 
safety and the maximum economy. 

The stress-strain relationships for concrete have been the object 
of a great deal of investigation by many experimenters, and yet at 
the present time there seems to be a difference of opinion among 
these investigators as to the clastic properties of concrete. 

The writer, in charge of the Materials Testing Laboratory at the 
State College of Washington, while conducting routine and special 
tests on concrete specimens, has been able to accumulate sufficient 
data to support the premise that concrete does possess elasticity in 
the same sense that steel possesses elasticity. 

The data and conclusions herein presented should prove of es- 
pecial value for comparative purposes since they were obtained by 
the use of a new type of compressometer, (described later) not 
used heretofore by any other investigator. 

THE SOURCE OF THE DATA PRESENTED 

The Materials Testing Laboratory at the State College of Wash- 
ington has for its purpose the following functions: 

1. The instruction of students in engineering. 

2. The testing of materials that go into and result from Campus 

construction. 
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3. The testing of materials that may, from time to time, be 

sent in by individuals, corporations, and municipalities of the 

State. 

4. To conduct whatever research that time, equipment, and ma- 

terials will allow. 

It has been the aim of those in charge of the laboratory to 
make the most of each opportunity, and therefore, during the past year 
data have been accumulated for all tests made during the routine of 
carrying out the above functions of the laboratory. 

In studying the data and results herein presented the reader 
should keep in mind that in all cases, except one, the cylinders were 
made and tested for purposes other than for the stress-strain re- 
lations which they might exhibit. For instance, the cylinders made 
and tested by students were for the purposes of instruction and practice 
in concrete design under the water-cement ratio method. This is al.so 
true of the cylinders sent in from Campus construction jobs and from 
individuals and municipalities. The pnly case of cylinders made for 
the stress-strain relation which they might show is reported under File 
Nos. 24 to 34 in Table 1. 

SCOPE OF THE DATA PRESENTED 

The data presented in Table 1 can be divided into three distinct 
groups. 

First: Data taken from the laboratory mixes, which were made 
and tested under laboratory conditions. They had for their 
purpose the de.sign of concrete to meet certain specifications 
and the economic grading of aggregates; for example, the de- 
sign of a good concrete mixture for a si)ecific camt)Us con- 
struction job. Again, studies have been made in the laboratory 
in regard to economic grading of fine and coarse aggregates. 
The stress-strain relations of all the cylinders made for these 
purposes are listed under “Dab.’' in Table 1. 

Second: Results of student instruction. This work was done en- 
tirely under the guidance of their instructor. The s*tudents 


4 



were divided into groupsS of three or four members. Some 
fifteen of such groups designed concrete to give a predetermined 
strength using the “Trial Method” as advocated by the Port- 
land Cement Association. After the students became familiar 
with the design method, each laboratory section constructed 
a large concrete beam and at the same time made at least 
four cylinders for testing. This work is listed under “wStud.” 
in Table 1. 

Third: Cylinders made in the field in actual construction jobs such 
as city pavements, large building jobs on the State College 
Campus, and elsewhere. The laboratory had no control in 
some of these cases and only partial control in the case of 
Campus construction. In some cases then the mix and aggre- 
gate data are lacking. These cylinders are designated “Field” in 
Table 1 and constitute a majority of the cylinders tested. 


APPARATUS AND METHOD 

This bulletin is primarily concerned with the stress-strain rela- 
tionship. The values of design and method of control and curing are 
not known in all cases. This is particularly true of the cylinders 
vent in from the “Field.” Those made and designed in the laboratory, 
designated by “Lab.” and “Stud.” in Table 1, were made and designed 
as nearly as local conditions would permit in accordance with the 
procedure outlined by the American Society for Testing Materials. 
In the latter cases the curing was accomplished in damp sand at room 
temperature. The cylinders were tested damp unless otherwise noted. 

Two testing machines were used, each having a capacity of 
200,000 pounds, but operating on different principles. One was a 
hydraulic type with beam- weighing, the scale marked with 20-pound 
divisions. The upper head only was spherically seated. The other 
machine was of the screw type with 10-pound divisions on the scale 
This machine was not equipped with spherical heads for the first 
of the series of tests made on this testing machine. The cylinders 
testted without the use of spherical heads were capped with plaster 
of Paris in place and allowed to harden for at least two hours. 
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Figure 1. View of the Complete Instrument us Constructed for Compression 
Tests of Concrete Cylinders. 
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Later it was felt that errors were present due to the plaster of 
Paris capping with fixed heads. A spherical head was obtained and 
the cylinders which cawne from the field were capped with a mortar 
of 1-2 Lumnite cement and sand at least 24 hours before testing. 
The curing of the Lumnite mortar was very carefully done and better 
re.sults were obtained. It was felt that the plaster of Paris failed be- 
fore the elastic limit was passed in the concrete cylinder in the case 
of high strength concrete. This failure caused the fixed head to 
bear unequally on the concrete cylinder which in turn gave eccentric 
loadings. Erratic values of the elastic limit point resulted, due to 
the development of diagonal planes of rupture near the ends. 

The screw machine was operated at a speed of travel of the head 
of .022 inches per minute for all loadings. The hydraulic machine was 
operated at as near this speed by hand as judgment would permit. 

As already indicated the strain values were determined by means 
of the hydrostatic instrument, which was designed, constructed, and 
developed in the Materials Testing Laboratory. A complete des- 
cription of this instrument is given in Bulletin No. 25 of the Engi- 
neering Experiment Station of the State College of Washington but 
will be described briefly here. 


DESCRIPTION OF THE INSTRUMENT 

The instrument works on the hydro-static principle that a defi- 
nite quantity of liquid tends to maintain its volume constant. 

Referring to Figure 1, the complete apparatus is divided into 
two main parts: that which clamps on the concrete cylinder, and 
the gage board. 

The clamping or actuating part of the instrument is made up of 
two steel rings slightly larger than the concrete cylinder to which 
it is clamped (6'' x 12'' cylinders used) with three equally spaced 
clamping screws in each ring. Between the clamping rings are three 
equally spaced metallic bellows, attached at their upper ends directly to 
cars on the upper clamping ring. The bottom ends are attached through 
spacing rods and swivel joints to the lower clamping ring. 
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The upper end caps are designed to receive interconnecting pipes 
between the three bellows, while the central bellows has a connection for 
a flexible tube to lead to the gage board. The gage board is so arranged 
with valves and reservoirs that the instrument can be handled readily 
and the liquid level finally adjusted to zero in a small bore tube with an 
adjacent scale. As the concrete cylinder is loaded and therefore com- 
pressed the liquid level on the gage board will rise according to the dis- 
placement in the bellows. 

The advantages of this type of instrument are: First, it compen- 
sates accurately for any bending action of the specimen tested, such 
as might occur with uneven surface pressure during loading. This 
is not true in all cases where mechanical types of measuring instru- 
ments arc used. Second, it can be readily changed to different mag- 
nifying powers by substituting different diameter gage glasses to suit 
the particular needs of the test being conducted. Third, it is flexible, 
easily and quickly set up, requiring less than five minutes for the complete 
set up in routine testing. Fourth, there arc no mechanical rubbing parts, 
and therefore no mechanical friction. The only friction would be the 
fluid friction and this becomes negligible for water as the working fluid. 
Fifth, referring to Tabic 2 it will b<lf noticed that the scale readings in 
metric units are appreciable even for unit stress values of 17.66 Ib. per 
square inch on six inch cylinders. Thus the magnification for this in- 
strument ranks with any type of instrument in use, whether optical or 
mechanical in type. 

VERIFICATION OF RESULTS BY USING INSTRUMENTS 
OF OTHER TYPES 

Certain verification and comparative data have been obtained 
since the material for this report was submitted to the printer. Please 
refer to Page 43 for full discussion of this data. 


8 



•s 

H 








sl 


S?« 

u 

« 


I* 


a 

a 

aS 

«|.S 

1^ 


3S! 

ci e« e« CO 


I <« m CO ee «# o» ' 


iO^'(CeoeoeoeO’«»'( 


^11 

^5 


iti 


CO 





















d 



to e« 

CO 

CO 

a» 

O 

eo 

00 

















to 

d 


o» o» 

0» 

(» 

00 

d 

d 

d 

o 

o 

o 

© 

© 

© 

© 

© 

© 


© 

© 

© 

© 

© 

© 

d 

d 











fH 

rH 

fH 

rH 

rH 

rH 

fH 


fH 

rH 

iH 

rH 

rH 

iH 










++ 


























d 

d 

© 

o 

d 

d 

© 

a 

© 

a 


© 

to 

© 

© 

© 

© 

© 

a 

iH 







1- 

a 

CO 

00 

d 

d 

© 

t* 

© 

m 


d 


© 

t- 

d 

d 

© 

© 

© 







eo 

a a 

eo 

eo 

© 

a 

© 

a 

a 


© 

a 

a 

« 

© 

« 

a 

a 

a 

4-l> 

ID «0 

lO 

fc- 

CO 


I* 

CO 

d 

© 

o 

d 

d 

© 

a 

© 

a 


© 

to 

© 

© 

© 

© 

rH 

© 

© 

O <0 

00 

CO 

at 

t- 

00 

CO 

a 

CO 

© 

d 

d 

© 

b- 

© 

© 


d 

rH 

© 

fc- 

d 

d 

b- 

d 

d 

n 

eo 

a* 

CO 

CO 

eo 

eo 

a 

a 

eo 

CO 

m 

a 

© 

a 

a 


© 

a 

a 

© 

© 

n 

© 

a 

« 







© 

o 

o 

o 

o 

© 

© 

© 

© 

© 


© 

© 

© 

O 

o 

© 

© 

© 

o 







eo 

rH 

o 

o 

© 

© 

o 

© 

© 

© 


© 

© 

o 

© 

© 

© 

© 

© 

© 







t- 

O d 

eo 


m 

© 

© 

© 

© 


to 

to 

© 

a 

© 

a 

d 

d 

m 










ta 

rH 

rH 

rH 

iH 

rH 

fH 


rH 

rH 

rH 

rH 

rH 

rH 


rH 

rH 

o o 

<0 

O <0 

o 

CD 

© 


to 

o 

© 

« 

© 

© 

e* 

© 


b- 

b* 

© 

© 

© 

© 

t- 

b* 

to 

t* CO 

CO 


00 

00 

t- 

d 

© 

CO 

d 

© 

d 

a 

d 

fH 

© 



b* 

© 

© 

© 

© 

d 

d 

f 

CO t- 

OC 

b» 

t- 

r- 

fc« 

t- 

d 

o 


rH 


d 

d 

a 

« 


© 

fH 

fH 

© 

O 

fH 

d 

a 










rH 

ri 


rH 


rH 

rH 



-H 

rH 

«H 

fH 

rH 

rH 

rH 

rH 

rH 

O o 

o 

o 

o 

o 

O 

© 

o 

O 

O 

© 

O 

© 

O 

© 

© 


o 

© 

© 

© 

© 

© 

© 

© 

© 

«H 00 

t* 

eo 

lO 

at 

eo 

d 

o 


t- 

© 

© 

d 

© 

b* 

© 


© 

© 

© 

to 

© 

to 

» 

© 

© 

O C9 

00 

*-4 

CO 

eo 

CO 

eo 

d 

rH 

CO 

© 

m 

fc- 

© 

d 

© 


© 

© 

a 

fH 


a 

to 

d 

© 

M Cl 

d 

d 

d 

d 

d 

d 

d 

CO 

eo 

m 

© 

© 

w 

a 

a 


a 

« 

m 

© 

© 

« 

© 

a 

« 

<» 


















© 








t- 






© 












d 







1 

*? 






d 












d 







f 

CO Z 
<M 

■* 

- 

• 

- 

- 

04 

• 

• 


• 

• 

• 


• 



• 

fH 

' 

• 

- 

• 

• 

•* 


oi 

























i 


























1 

•«- 

« 

A 






« 

« 











B» 


























c« 








1 







w' 











u 









^ : 



* 



* 






* 






























s 








1 

5 

















:3« 








1 


















t 









d 










































j. 


























cl 










No 
















C 

o 

n 

• 










: 


’ 

: 

z 


z 

: 

X 


- 

- 



- 


E! 

' 

- 

- 

- 

- 

- 

- 

• 

u 

0 

















if? 









5 


























a? :3t ;#5 ;3« ;s< s< 




















CO eo 

eo 

eo 

eo 

CO 

eo 

a 

a 

a 

a 

a 

a 

a 

a 

a 

a 

© 


© 

© 

© 

© 

© 

© 

© 

© 1 

1 












rH 

rH 

rH 

rH 

rH 










1 


01 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 


© 

© 

© 

© 

© 

© 

c 

o 1 




















r-1 

rH 

t-J 

tH 

rH 


rH 

A ^ 


























a - 



















































1 

CO a* 

CO 

CO 

fr- 

00 

<u 

a 

© 

t- 

© 

d 

o 

rH 

d 

© 

a 

© 


to 

b- 

© 

d 

© 

rH 

d 

9 




rH 

H 

► 

< 

d 

d 

d 

d 

d 

© 

© 

w 

© 

« 

© 


« 

© 

© 

© 

a 

a 

a 

< 


« « « « « 


OOOOOOO-^OOiOOrCOOOtO® <C>«>®0©0« 

i«««eoeO r-iN«0*M»OOOi-<jOW ir}»0»0»ft»022 

vH ^ tH Cm C 9 


* Tested dry. t Cr. Ba. =: Crushed Basalt. 

t Multiply by 10*. 






Tested dry. 


i* . a3^oou)ee««to|>ioeQeato^tO'^eoooCb«&<»d»co-^ao9i«Aao 
“S’-! 00 

A cococoeoeoeofioeQeceoeococococomeoeoeQeoeoeo^coeceQteco 


ie««eoeoeo’<|tcoeceQeeM 


ooooooooooooooo» 


o o o o o o o 

*■< tH iH ^ iH 1>4 »4 


eococoeoceeoeoeocoecaeoeocoeoco^coecoocoeo 


eeeocococoeoeQeoeoeomcQeoeoeocQi 


eoeococo'tiieocoeoeom 


O©W«Ofc-»:-«fc«fc»t-t-OO««t-«OO»0Ot-»OOwO 

e4i>co«a>toc<iou)aooeoao©u)iofc*©C4eoud'^-^©C4«-<;o^ 

c<»©eoo»-4©®»Ha»af-««e«o»r-ii-4c<«*^eo«o»-ioo©®b- 


OOOOOOOOOC40000000000IAOOOOOIAO 

«oiHoe)t>t««>'->4t-«ee4«H-^b>(O«oeocx>©»<ce4'«eo«0Ma»N 

«>C«OT-4i0Q0l>C0a0©03t«Q0©'«'4>Q0'rHC90»O*-4^C9O^*0009 

eoeo««eoo3e4ciiece4e4eoeoeoc9eoeoeo^^co<«mcoeoeoe4e40) 


! 

« ! 

4B 

09 

OB 

OQ 

m 

09 

>• 

g 

09 


k 

b 

u 


o 

1.1 


C 

Q 


o , 



«8 £ : ; 
5g' 

^ ' 



* " 5 * * 

” ’ S: ' 

t* 

;#! 

4* 


ci»cQcoe<de<3C!i&«c4CMe4C4oac«C4Ciicie<ie40esiC9e«<NC<ie4C4C9«<4iH 

©©©©©o©©©a»QoaoooeoaoooQO«ooOfiOoo©©a©©a»oo 


5 : : : 
QQ 


TS ^ 

: ti z z ® 

:s^ Hi 

OQ QQ 


to © t» 00 • © o 
© © © © ^ © O 


1HC« «CO<^lO©|> «00©0«-4 «e0<O €>tOb> 

OO ►OOOOO ►OOiHtH ►iHiH 


ciio9eQe9cic4(Me4ci9icie4C}eoe9C4e«c«c«Me4C)c4ieoc«ie4e«e4«« 


1860 620 610 3.27 3.27 1.0 3.27 



»o<pu5TH«ilj^flOcof-jiHt-«»^«'^»Hi>eieaooo©«co»HfHOiHQOf-< 


ocooooo>o 


o o o» o o o 


oocsoooeooo 


•n ^ Oifl)i/)toiAiAO«oe4eot«k*<oo<ooo«««&oor*'^0(Ot-c3'<i(;oto 

«#„4g U5©»0»H'iH«l*jC4e0»-j»Ht»C0»He0^0»t>C«N00OOCQOiHiHOiH00i-« 

63 M.*':; eoecec<<«co^’<#«^-^^*eO‘<«<ii«<^-W!'«co-^-<«eO'«eo<<ii^^’«di CO* ■<«£«<<# 




w ■><• » •«# 


^ . OiAU)(OiOl4tO<OOe)db> 

eq Di ecei9c0'^<0'^-<|i’^^-»iteo 


Ot-«<00®CtoO<^CDOOt>*<^HO<C>t-C»'^<0<D 

Ht-«i-«CO-^»-Jfc^MC«OOOOeOOlH*-lOiH«>»H 


1 

o 

o 

9 

o 

O 

© 

© 

© 

CO 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 


o 

9 

o 

o 

»«• 

CO 

© 

CO 

r- 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

at 

© 

© 

♦H 

CO 

00 

eo 

© 

© 

© 

! 

00 

r- 

o 

9 

» 

© 

© 

at 

9 

9 

00 

© 

9 

© 


eo 

r*< 

9 


•H 

© 

eo 


l-t 

9 

© 

fH 

CO 


i 



«-4 

1H 





iH 




lH 

fH 


rH 

r-4 

?H 

iH 



iH 

fH 

<H 

rH 


•H 

fH 

tH 

- 

fc» 

00 


o 

b- 

<0 

© 

b- 

© 

CO 

b- 

© 

© 

CO 

00 

CO 

CO 

b- 

© 

CO 

© 

eo 


eo 

b- 

© 

© 


** 

1 ^ 


CO 

r-l 

9 

ao 

ao 

© 

9 


© 

© 

ao 

© 

eo 

ao 

iH 

9 

at 

© 

ao 


9 

© 

eo 

CO 


© 

fH 

ao ! 

in 

t- 

CO 

at 

© 

€C 

« 

© 

<» 

© 

at 

at 

© 

at 

at 

at 

© 

© 

ao 

© 

at 

© 

9 


© 

fH 

© 


© 

© 1 

i 









tH 







f-4 



rH 



iH 

T-t 

iH 

fH 



iH 

"" 1 

t e 

o 

»A 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

eo 

© 

© 

© 

© 

© 

© 

o 

© 

© 

© 

© 

© 

© 

1 

o i 

o 


o 

m 

© 

© 

© 

00 

at> 

9 

© 

b- 


at 

© 

© 

’Of 

b- 

at 

© 

© 

CO 

b* 

b- 

© 


9 

© 


© 


9 

o 

i> 

© 

© 

© 

ao 

t- 

fH 

ao 

ao 

9 

ao 

© 

at 

© 

© 

© 

© 

© 

© 

© 


iH 


© 


© 

9 

i 

9 

9 

9 

CO 

9 

9 

9 

9 

eo 

9 

9 

CO 

9 

9 

9 

eo 

CO 

9 

eo 

9 


eo 

eo 

CO 

eo 

fH 

eo 

CO 

CO 1 


9»a0»O>O)OO 

»AiftkA<OtO(CtO<O«0tA(/3U)iAkA«AiO (0«0«0(0 

o o o a O) o O) a 0» 00 00 oo « oD 00 00 o o o o c a a» OS oa 9 cb < 3 > o> o> 


5 “ : - 


: : 


^ 0D0a«i-<C4C0'^O0U«0t>a09OT-ia-!M«'««j‘U'S®«>b-9O»'iH( 

^ »H»-*>’e«(Nci9<M>'eiic«c<cocoeo>wp3e»s«>eoe«seo*^^'^' 

|lk4 


0C‘e0Q0Q0Q0Q0000000fl0a0Q0a0Q0a0a09L'»L0OVtr‘9*4*'^*Ht*tD0Q'^j 


mixture of % Concrete No. 4 and '/^Plaster No 


Table 1. (Cont’d.) 





■** , t-oe4t»c3O«oc40»e9e44De«O'rttcoo^ioe4fc-ooo)OiAfOiO 

**5J855 *-jO»OOiHCiJ'HO»OprHr4,rtC40l>OOiOOO®iOt-<C>0» 000»«>Ot- 

«#*iieo-^-^'<#e<i©i«eiieie«i-^«eo«i'^-<i*eoeoco«ooeo««OH‘co 


*5^ 9 9 ® ® 9 

3 M iH i-« *H 


GftOOOOOOOaOOOOOOOOOOOOO 


«4>eoeo^-^'«4«eoe4e)«)e4e<i^eo<^i 


^eoeocoeowcoeocc'^jieo 


t*OC9t»C3iH(0C9O»e4C4QOeOOOtOO-^iAe4t»OOO»OiOCO>A 
r40kcoiHe4rHO»aq*-4fHi{dC4 0^ou>oo«c>tat*«»aD;Qt>cft<Dot> 
^cQSQ^<<«<«l!c«eie4Ci)oic4^ed^cQ->«5j!eoei3eQe(»eocQcom-^’eo 

fc»0000i000000««0000000000000000 

OOlAOOiOCOOOOOOeOOOtOOOtDiftOOOr-JOWlONOO 

o»NH»w»-<*H»o-««i'<‘ift't|i-^iiaiaiooeoecoOiHo>«-«o»o»oao»e9iH 

»HiH rH tHW 

i>>t«eQeo««9coc«b»<otOQO(OOeooecb>eQt>eob*co<DOeoOb>t^ 

coOi*Ht-ot«e<500©««'»«*><#eoc«»>«aieoo>'<#oot--<»t«D©io 

^i-4«-(aaba»ud'^eQ03<oeoooa>a»fc*>aoaoooaooooQOO»dftQoakO 


OOOOOOOOt-^lrtOiOOOOOOOOOOOOOOOO 

<o»'^«iHoiOcii-«o»iHOe««o>fc»eot-o»oa>eo«o*-<eoooo»t- 

^lAccoii^OktociaftOooinQo^r^o^omo&otDOQotAaifH 
^oacQMCiicifHfH fHiHr4c9cicac9e<ie3Me4C4caMe4c4e4caco 




C‘^ioi<)e4 iot*<OTOko«*nu)tni>co(Dioco 


s<;j< 

tn m t~ i> «0 o 


S 2 2 

' 5 : - - S" 

^ Pm ^ 


leo^tQ^ 4<o)eoH>u)<eb>QOC]»Of-4C9eoTi*«/>cofr» 

t^t*i'»fr*aoQO >floaoaoaoooooQ6QOO>CbO>o>oiotOkO> 


tte4a»i>QOiAt*t*t*b>r-i«ooo0»<x>oo«)aoc»4»«>d)ooaoQoooa» 
^^meococe odmeoeic^eae^Me^e^e^iOMcie^eatMO 


Ave •' ® i “ “ “ 2760 920 960 8.81 3.81 1.0 3.81 

198 Field 6 j Sand N o 4 Grav. 1-2.7-4.4 2120 J 707 910 8.89 [ 3 89 [ 1.0 3.89 


Table 1. (Cont’d.) 



Tested dry. 







iHOO^O» 0 Ofimt~Ob-O 
»«.oo»Ho»oocoe«tfia»e«»-jo 
We«ieoeocoe(de«deoeoeoeoe 4 e<»ec'<f 


ss^Sj 


ooooooooooooooooooooooooooooo 


"H »ftO«Nfcr»fl»AO»^i?-« 5 « 5 eooe««o*-*oo»HOtf 50 «t»ot-o 

[jSgW^j eocceocMeQeoei>«Q^ir)<<»-^‘«^*<^e«ieoeomeoedeoeoecooc«meo'4« 


J u)oe 4 e 4 t-iAiAa» 
ij 5 q*^ti', eecocsctcceoMco 




coeoeoeQeoeoeQeoe^eoeo^ 


Pt^ 

X ^ 
'^W 


0000000©000000000oc»»00»0i000000i{5 

OM>Ot-Oi 0 «fl 0 OOOOi 0 iOt-O»OOC«»H 00 iOC«O*A©iO «0 

‘^kAC40'H;ocicit«ooiQtoto<o<^o»a»o^t*ooa»a»«Hoooo 

fH W ^ *H ^4 09 C 9 fH fH fH 


5 £""1 

«r 

■fc* «c • 

■£ 2 : 5 ' 


OOe%t-t«eo(Ne*>b>er3t>t*ei3t»eoOt«odOeoQp^O»eoir«eoO'^ 
0 ’«#c«oaO'»*<o^^<^i>eii'ijicii^»noot-oo©i>fl©fc-oooooD“ 


tnoooooiooooooooooooooeoe«i>ooooc 4 M 

iA©'«iiot-caQO<Hc 4 iOQoeo«ob*m^C 903 i«m©©©o©me 4 eo 

•«Oi©oo*H«i-j'^c«H‘»-<ooMoe>e«»ft»Aeo'«'flO«'^«»jo©u 9 i>-©eo 


T 

0 

® 


0 

t- 


«»5 , 

cc 



ec 


ii£l • 

'<*' :: 
0 

© ' - - 

- - * 

® " 

! I Z 

>, 

oa 


ea 

Cl 


k 

•KS ' 



be 




^ « ' 
£ t 

§fc ! 

Ogl 


S » I 

be ' 


O 

a : 


•c* 

« 

k 

O 


*' 


a' 


e 

o 

C. 


5 P 5 f< 


W M ^ 


r-t <41 ««( <41 ^ ^ to < 


«e« ©©©©«o©©® 





*-* ?«»'♦ S'®! 


©r«>oo©o«<ie 4 «eQ^»o©r»«o «© 

C«c»Ciic 4 eococo ►cocoiwweoco ►eo^’^ -r-a-j 

e»c»ei»c»«CQC«'*^c»c«caci»«w^c»e«N'<}c«ebc»'«^<MMMe 4 ^}c« 


5 | 


Tested dry. 


Table 1. (Cont’d.) 






OOCOH'4l«DQOiAt*C90l:-MOeOfe*OH< 

OOeOtHOeCC«T-4iHCIi-<COe9^^C»OC9 

^^CQcoooeococoeoeoeoeoeo^cocQcoco 


ooooooooooooooooooo 






,eS-^ 

it'Sg 


b£^ 




t 


©cocii*HfHoi,-jeoe«'^'^. ci»c>c«o 

'<l(<eiieoeQeoe<3coeoeoeQeQeoeo^eococo0»^' 


oocQfH^<Daou^^•e4C»^-cacoeot«o»«-)C9 

qqeoi-jC>eooiiHrHN«^ooe«*'#^ObOc90 

^^coooeoeQcoeoeQcoeooocO'dieoeoeoeo^ 


OOOe^caookAOoooocQOeoooiAO 

<ioeoOiHT-i»>t-»oino®iftOO^cofc»Ciio 

fc»QOi>ooaoi>t*iHc>c)oovHaoooi- 4 eaoiA 


«oeQOO(N'*fOcoco«oofc-eoot-meo 

aoeoac>eo*-«coiHC 4 iAfHQO< 0 '^Ou)Obcoocb 

<ob-<Ofc-t>t-t*aioooo»OiO»ai>oosat)^ 

iH 


OOOOOiAiHOOOOOOOOOOOO 

tAa>u3a»eoo»^<0(0«4<u)eke<io)(OtoiH«-4CD 

OrHOfHfHiHi-lt-iOOOilJ-OOt-NNOO-^'d' 

eJC4C<ie<iwc»Ne«eiieoc«e*iN»«c«eocica'd' 


- - - eo ■ 


<p 1 

• "S ( 

5 

o 

£ ** ' 
« £ 1 
U {« 1 



< ' 

t' 

s’ 


: : 



H 


S S) 

•2 £ i 

t« ! 


a 

o 


a 

o 


A 

-li 

if "S O i 

2 ! 


<0 rH »H t-l iH ri • 


TJ 

: z p: 

OQ 


•O 

= i- 


tJ 

'S ; 

E 


O Or«lc«CO^ JDiOCOt-OOOk 9 O ^ €9 (0 "if tO 
M) t^kOkOiOlO ti-iAIOiOIOUd t^<0(D10<0<e><0 
9)«ile9M09ci<<c9eiie9C9e«^eiiesiC9e4oe9 


cDaDQOCDODfloao»oooe«D«o«e«i-4'^oeoi 

e4e«e4oie«C9e«C4e<ic«Mc>9c«K-<»ip<oio«> 


00 



DATA 


Table 1 represents the vital data obtained from two hundred 
and forty six 6" x 12" concrete cylinders tested during the past year. In 
this table will be found the age of the cylinder in days when tested, 
whether damp or dry at test, whether made in the laboratory or in 
the held, the water cement ratio if available, the approximate grading 
of both the fine and coarse aggregate, the type of coarse aggregate 
whether crushed basalt or gravel, the slump of the mix when poured, 
and the dry-rodded mix or in some cases the field mix. The values 
obtained in testing the cylinders include the ultimate strength, one- 
third ultimate strength, the proportional limit, all in pounds per 
square inch, and also the modulus of elasticity at one-third ultimate 
strength, the modulus of elasticity at the proportional limit, and the 
values of n and k for the equation S = k d" ® taken at onc-third ulti- 
mate strength. 

Table 2 is a copy of the readings made in testing cylinders Mos. 
225 and 239. Figure 2, Curve Nos. 1 and 2 give the readings for cylinders 
Nos. 225 and 239 plotted on rectangular coordinates. Curves Nos. 1 and 2, 
Figuri 3, arc the same data plotted on logarithmic cross section paper. 
The logarithmic plotting magnifies the errors in the early part of the 
curve It is the purpose of Table 2 and Figures 2 and 3 to illustrate the 
data obtained in testing each cylinder listed in Table 1. It also illustrates 
the scale readings in centimeters that are obtained with increments of load 
as low as 17.6 pounds per square inch. The above cylinders were selec- 
ted because they repre.senl approximately the extremes in ultimate 
strength. 

When examining curves Nos. 1 and 2, Figure 2, it will be noticed 
that they do not intersect the origin. Both of these tests were made 
on the screw’ type testing machine. When testing cylinders on the 
hydraulic type testing machine the starting error was even greater. 
It has been customary to correct for this error by drawing a line 
parallel with the plotted points but passing through the origin. Some 
may question this procedure, thinking that this initial curvature 
is due to the action within the concrete. 

0 This is the equation used by Mr. Stanton Walker in Bulletin No. 5 published 

by The Structural Materials Research Laboratory, April, 1928. (See paye 

26 of this bulletin for explanation.) 


19 



Table 2. 


Compression test for concrete cylinders 

Cylinder No. 225 Cylinder No. 289 


lioed Lbs. 

500 

Stress Lbs. 
per. sq. in. 

17.7 

Reading on 
Gauge Board 
in cm. 

Deformation 
inches per 
inch of 
length 

t 

Reading on 
Gauge Board 
in cm. 

6.4 

Deformation 
Inches per 
inch of 
length 

70t 

1000 

35 3 

0.4 

7.0 

0.8 

14.6 

1500 

53.0 



1.1 

19.2 

2000 

70.6 

0.9 

15.75 

1.4 

24 5 

2500 

88.5 



1.8 

31.5 

3000 

106.0 

1.3 

22.7 

2.1 

368 

3500 

125.4 



2.4 

42.0 

4000 

141.2 

1.8 

31.5 

2.7 

47.2 

4500 

159.0 



3.1 

.54.3 

5000 

176.5 

2.25 

39.4 

3.4 

.59.5 

5500 

194.5 



3.7 

64.7 

6000 

212 0 

2.75 

48.1 

4.1 

71.5 

6500 

230.0 



4.5 

78.7 

7000 

247.0 

3.2 

56.0 

4.9 

85.8 

7500 

265.0 



5.2 

910 

8000 

282.0 

3.7 

64.7 

5.6 

98.0 

8500 

! 300.8 



6.0 I 

105,0 

9000 

318 

4.2 

73.5 

6.3 ! 

! 1100 

9500 

336 



6.6 1 

115.5 

10000 

353 

‘ 4.65 

81.4 

7.0 

122.5 

11000 

388 

5.05 

88.4 

7.7 I 

134.5 

13000 

459 

6.0 

105.0 

9.1 

159 

14000 

494 

6.5 

113.8 

9.9 

173 

15000 

529 

7.0 

122.5 

10.6 

185 

16000 

565 

7.4 

129.5 

11.4 

199 

17000 

600 

7.9 

138.4 

12.2 

213 

18000 

635 

8.3 

145.0 

13,0 

227 

19000 

670 

1 8.8 

154.0 

13.8 

241 


706 



14.6 

255 


742 



15.4 

269 


i 778 



16.2 

283 


t Multiply lO”-* 
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Table 2 (Cont»d) 


Compression test for concrete cylinders 


Cylinder No. 225 Cylinder No. 239 


Loftd Lbs. 

Stress Lbs 
per. sq in. 

Reading: on 
Gaupre Board 
in cm. 

Deformation 
Inches per 
inch of 
length 

Reading on 
Gauge Board 
in cm. 

Deformation 
Inches per 
inch of 
length 

23000 ' 

812 ' 

10.75 

188.0 

170 

297 

24000 

849 

11.25 

197.0 

17.9 

313 

25000 

885 

11.75 

205.5 

18,8 

329 

26000 

918 

12.2 

214 

196 

343 

27000 

9H 

126 

220 

20.7 

362 

2mto 

988 

13.1 

229 

21.7 

380 

29000 

102.=1 

13 6 

238 

22.6 

395 

JOOOO 

1059 

14.05 

246 

23.7 

415 

31000 

1096=; 



249 

436 

32m 

1130 

149 

261 

26.1 

457 

33000 

1167 



27.3 

478 

34000 

1200 

1.5.9 

278 

28.7 

502 

35000 

1254 



30 0 

525 

36000 

1273 

16.9 

296 

31.5 

550 

37000 

1309 



32.9 

576 

38000 

1341 

178 

1 312 

34.6 

i 605 

39000 1 

1379 



36.2 

1 634 

4(X)00 

1 1411 

187 

328 

380 

' 665 

420(K) 

1485 



42.0 

735 

44m) 

15.'^6 

20.7 

362 

47.8 

836,5 

46460 

1643 3 





48000 1 

! 1695 

22.6 

396 



32m) 

1835 

24.6 

430 



56000 

1987 

26 5 

464 



60000 

2120 

28.6 1 

500 



64000 

2260 

30.6 

536 1 



68000 

2400 

32.6 

570 1 



72000 

2540 

34.6 

605 



76000 

2680 i 

36.7 

642 

1 


80000 

2820 * 

38.8 

679 
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Figure 2. 

Figure 4 is exhibited at this time to show that the initial curva- 
ture is due to other conditions rather than representing true deforma- 
tions within the concrete. One cylinder was tested consecutively 
five times under as many different circumstances up to a stress esti- 
mated to be one-third of its ultimate strength. 

Curve No. 1, Figure 4 is a plot of the results obtained when 
the cylinder was tested in the screw machine. The cylinder and 
instrument were then transferred to the hydraulic machine and tested 
under the same conditions. Curve No. 2 is the result of this test. 
The instrument was now completely removed and both cylinder 
and instrument were loaded into an automobile and transported to 
the Highway Laboratory at the University of Idaho. Here it was 
reassembled for testing in a 200,000 pound screw type machine with 
a single spherical head. The conditions for loading were different 
in that the machine was set in motion at low speed and the readings 
were read without stopping the machine to balance at each load 
increment as w’^as done in the case of all of the rest of the tests. 
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Curve No. 4, Figure 4 is the resulting plot. Again the cylinder ami 
instrument were transferred to a 50,000 pound screw machine with 
one spherical head without detaching the instrument. Curve No. 
3, Figure 4 is the result. The equipment was again dismantled 
and removed to the State College of Washington Laboratory. With 
an interval of one week the cylinder was again tested in the 200,000 
pound screw machine as for Curve No. 1, Figure 4, and Curve No. 5 
is the result. 
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Obit D»f«r««tlon la Uilllantha of an laeh por lash. 

Figiix# 4. 


As a result of the above series of^ tests several observations can 
be made. 

First. From the fact that Curve No. 4 was a result of testing without 
balancing at each increment, it would seem that the method 
of loading is not vital within limits. 

Second. When all of the curves of Figure 4 are corrected to zero 
by drawing a line through the origin and parallel with the 
straight section of the curve the total unit deformation at 1200 
pounds per square inch stress has a variation not greater than 
.000002 inches from the mean of the five tests or about .7 of 
The maximum variation of the plotted lines from the mean 
of the corrected curves at 1200 pounds per square inch stress 
is the same for Curves Nos. 2 and 4 or .000012 inch. Inasmuch 
as the plotted curves vary at this same stress by .000010 inch, 
it is reasonable to conclude that the testing machines are re- 
sponsible for most of the curvature in the lower stress values. 

In other words, the curvature found in the lower stress 
regions is due to a lack of accuracy in the weighing of loads 
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on the testing machine, or in part due to the comprcssometcr, 
the temperature changes affecting the concrete, or the testing 
machine or instrument, and is not indicative of the true deform- 
ation within the concrete. 

In the case of curves Nos. 1, 3, and 5, a straight line can 
be drawn through the points from a unit stress of 130 pounds 
per square inch to 1200 pounds per square inch. Surely the 
same condition of elasticity exists from zero load to 130 pounds 
per square inch stress. 

It has been customary whenever necessary to correct the 
curves drawn for each cylinder to zero as shown in Figure 4. 
Whenever possible the testing machine giving the least error 
has been used. In many cases no correction has been found 
necessary. The compressometer was always adjusted to zero 
before applying load to the cylinder. 

Third. It is interesting to note that the testing machine used fot 
Curves Nos. 1 and 3 were of the same make and type but varied 
in size. The testing machines used for Curves Nos. 2 and 4 
were made by a different manufacturer than that used for 
Curves Nos. 1 and 3. These machines were of the same 
capacity but varied as to type. 


OBSERVATIONS AND DISCUSSION OF RESULTS 

Concrete can be considered elastic in the same sense that the 
other engineering materials have been considered elastic for many 
years past. 

Concrete is made by thousands of people under as many con- 
ditions. Its quality and durability vary widely. To say that the 
above statement holds for all concrete would be absurd. It is true, 
however, for well designed concrete, made from suitable materials 
properly graded. It is true for the bulk of concrete made at the 
present time which is made under proper specifications and control 
for highways, buildings, bridges, etc. 

It is not out of order at this time to review so^me of the work that 
has been done to determine the modulus of elasticity of concrete. 
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In Vol. XIX, Part II, 1919, of the Proceedings of the American 
Society of Testing Materials, was published the outstanding work 
in regard to the Modulus of Elasticity of concrete. This work was 
done by Mr. Stanton Walker at the Structural Materials Research 
Laboratory, Lewis Institute, Chicago. In 1923 this work was re- 
printed with a few revisions as Bulletin No. 5, of the above laboratory, 
and entitled “Modulus of Elasticity of Concrete.” 

In this bulletin Mr. Walker gives the results of some 4000 tests 
of 6" X 12" concrete cylinders covering various proportions and types 
of aggregates. 

There is very little doubt but that this work has been accepted 
by those interested in the “trade.” To prove this point one need 
only refer to our text books on Materials of Construction published 
both in this country and abroad. 

Mr. Walker used the Johnson Wire Wound instrument in the 
first part of the tests, but later substituted the Ames dial with five 
point contact. (For description of this instrument see Bulletin No. 
5, described above, page 8.) 

Mr. Walker introduces the equation previously referred to: 

S = k d" as representing the relation between the stress and 
deformation, where S = unit stress in pounds per square inch 
D ~ unit deformation in inches per inch 
k = a constant 
n an exponent 

If the stress-deformation relations are proportional up to a definite 
point then the exponent n becomes 1.0 and k is equal to E, the modu- 
lus of elasticity. Of course, these values of n and k only hold as 
long as the stress-strain relations are proportional. Beyond the pro- 
portional limit the value of n must be less than unity and the value 
of k must be less than the value of E. On logarithmic cross-section 
plotting the value of n is equal to the tangent of the slope of the 
curve. If the value of n is 1.0 then the slope of the curve is 

(D For a complete diecuseion of thii equation and the method of eolvtng for n and 

k see pages 10 to 16, Bulletin No. 5, Structural Materials Research Laboratoiy, 

Lewis Institute. 
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In checking through the tables recording the data in Bulletin 
No. 5, in only one case representing five cylinders do we find the 
value of n equal to 1. In other words, Mr. Walker did not find 
concrete elastic in any portion of the stress-strain diagram, and in 
fact the average value of n is about .9 and the value of k was always 
less than the value of E for the cylinder tested. 

A review of Table 1 will show 96 percent of the cylinders elastic 
in some portion of the stress-strain relationship while 88 percent are 
elastic up to or above one-third of the ultimate stress. The value of n 
for this data can be considered equal to 1.0 and the value of k can be con- 
sidered equal to E for a stress equal to one-third of the ultimate stress. 

Those cases where n is less than 1.0 and k less than E can as a 
rule be explained by some condition peculiar to the concrete or to 
the method of testing. 

In the proceedings of the American Society for Testing Materials,® 
Mr. A. N. Johnson, Dean, College of Engineering, University of 
Maryland, exhibits material on “Direct Measurement of Poisson’s 
Ratio for Concrete.” 

Dean Johnson used the Marten’s Mirror Extenso-meter, (a des- 
cription of which can be found in Marten’s Handbook of Testing 
Materials,) and exhibits data covering the compression tests of nine 
concrete cylinders. In all cases he shows that the concrete is elastic 
and there is a definite proportional limit which occurs at 25 * 1^0 of 
the ultimate strength for the average of the cases given. 

Again in “Public Roads”® Dean Johnson reports test of 112 
cores drilled from highways in the State of Maryland. He states in 
part, “One marked characteristic that the mirror-extensometer read- 
ings give to the stress-strain curve for concrete in compression is 
the persistency of a straight line relationship in the earlier part of the 
curve for the lower pressures and the gradual departure from a 
straight line forming a very gradual curve for the higher pressures. 
The extent of the straight line relationship or proportionality may be 


(D Tolnm« 24, 1924, Part 2, page 1024. 
CD Vol. 9, No. 8, (October, 1928.) 
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approximately determined and is taken to be the elastic limit of the 
concrete.” 


In “Engineering”® (London), Mr. V. C. Davies describes an Ex~ 
tensometer for the Determination of Young's Modulus for Concrete 
which operates on a combined mechanical and optical principle. A 
plate (Figure 6) showing six stress-strain relations in tension of 
concrete is included and the following comment is made. 

“For the straight-line part of the graph, the value of E works 
out between 4,2(X),(X)0 poimdc and 4,400,0(X) pounds per square inch.” 

Although this article deals with the design of an extensometer 
for the purpose of reading extensions in concrete, the meager results 
reported are significant. 

Mr. James W. Johnson in his bulletin “Relationship Between 
Strength and Elasticity of Concrete in Tension and Compression.”® 
under “Summary and Conclusions,”® states in part : 

“For any load, above 25% of the ultimate, there is a small defor- 
mation not recovered upon the removal of' the load. The amount of 
this unrecovered deformation depends on the amount of load, and the 
number of loadings, but becomes less for each succeeding load.” 

And again, “Although the stress-strain relationship for the first 
application of load is a curve, for both tension and compression, the 
stress-strain relationship for the second application of load up to the 
stress of the first loading, is a straight line for compression, and 
approaches closely a straight line for tension. For a repeated number 
of loadings up to or above 50% of the ultimate, in compression, the 
stress-strain curves even reverse in direction of curvature.” 

Additional references could be given, however, those given show 
the change in our conception of the elastic properties of concrete in the 
last six years. In 1923 Mr. Stanton Walker concluded that concrete 
was not elastic. In 1924 Dean A. N. Johnson gave a very limited 


<i) Vol. exxv, No. 3238, (February 3. 1928.) 

d) Bulletin No. 90. Engineering Experiment Station, Iowa State College of Agricul- 
ture and Engineering. 

(D Pages 6 and 7. 
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amount ol data that indicated concrete was elastic Again in 1928 
Dean A. N. Johnson exhibited considerable data both on road cores 
and molded cylinders that indicated elastic relationship. At the same 
time other investigator.s using practically the same type of apparatus 
have not found elastic relationship on the first loading, but upon con- 
secutive loadings have found elastic relationship. 

It is impossible at the present time to fully explain the difference 
in the results of the various investigators but some of the variable 
factors that would have to be studied in making such an explanation 
can be listed as follows: 

1. Accuracy and sensitixity of the testing machine. 

2. Accuracy and sensitivity of the measuring instrument. 

3. The method of conducting the tests. 

a. Speed of loading. 

b. Load increment used. 

c. Condition of concrete, drj^ or damj) 

d. Temperature changes. 

4. The physical properties of the aggregates. 

a. Grading of both fine and coarse material. 

b. The base of the aggregate, wdiether granite, limestone, etc. 

c. Crushed rock or gravel coarse aggregate. 

d. Stress-strain relationship of the basic material of the 
aggregates. 

5. Richness of the mix. 

6. Age at test and method of curing. 

7. Workability or slump when poured. 

8. Care and accuracy in conducting all phasc.s of the tests. 

That the accuracy and sensitivity of the testing machine must be 
considered is shown by Figure 4. In fact this point has had a very 
decided effect upon the work conducted in the Materials Testing 
Laboratory. 

Unquestionably item No. 2 is responsible for a number of erro- 
neous conclusions in regard to the elastic properties of concrete as 
the above references indicate. 
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Unit Onforaation ta mUioBtha of vi Inch pr^r inch 

Fifaro 5. 


Perhaps a considerable part of the question that exists at the 
present time in regard to the elastic properties of concrete could be 
eliminated if the variables listed above could be completely standard* 
ized or eliminated between the various experimenters. 

Figure 5 shows the results obtained upon loading cylinder No. 
240 up to twenty-eight percent of its ultimate strength, then decreas- 
ing the load in exactly the same manner used for its initial loading 
until the load was entirely removed. Without any readjustments 
the cylinder was reloaded to failure. 

In the first loading there is a slight initial curvature up to an 
initial stress of 60 pounds per square inch. Beyond this point the 
stress-strain relationship is a straight line. The curve of unloading 
shows considerable ‘‘hysteresis effect” but approaches zero within 3 
millionths of an inch per inch, indicating that the hysteresis is almost 
if not entirely in the testing machine. 
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The second curve of loading shows a straight line relationship 
and intersects the first loading at 706 pounds per square inch stress 
and shows an elastic limit at 920 pounds per square inch. 

If the first curve of loading is corrected to zero the two curves 
of loading are out of parallel by not more than .000004 of an inch 
per inch, between zero and a stress of 706 pounds per square inch. 
The author believes that these curves should have been parallel. 

The results observed from the tests of Figure 5 are: 

1. That, providing the elastic limit is not exceeded, the first 
loading indicates a straight line relationship as well as the second 
loading. 

2. That, providing the elastic limit is not exceeded, no permanent 
deformation takes place. 

3. That temperature changes within the concrete or instrument 

may affect the results obtained. , 

4. That under conditions of unloading similar to the conditions of 
loading the hysteresis effect observed is not due to the behavior of the 
concrete. 
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THE RELATION BETWEEN ELASTIC LIMIT AND ULTIMATE 

STRESS 


Figure 6 is a plotting of the elastic limit values of Table 1. Each 
circle represents the average value of the cylinders made from the same 
batch or under similar circumstances in the field. The number adjacent 
to each circle is the number of cylinders averaged to obtain the point. 
The dots that appear are for individual cylinders, each of which repre- 
sents a mix as listed in Table 1. The solid line passes through the 
weighted mean of the points plotted. The dotted line represents one-third 
of the ultimate stress. 

This graph shows a definite relationship between the ultimate stress 
and the elastic limit stress regardless of the conditions of tests as to age, 
source, mix, and method of testing. The elastic limit stress is, on the 
average, 37.5 percent of the ultimate stress. 

The point that shows the greatest error is the point at a stress of 
4600 pounds per square inch, and 1400 pounds per square inch elastic 
limit, an average of eleven cylinders (Nos. 78 to 88 inclusive) received 
from the field. The elastic limit value of this point is only 30.4 percent 
of the ultimate or below the curve by 18.3 percent. 

As these cylinders have a very high ultimate strength, and as they 
were tested in the screw machine with fixed heads using plaster of Paris 
capping, the author feels that they would show a much smaller deviation 
from the mean if tested under the present procedure. In fact, fifteen 
cylinders (Nos. 218 to 232 inclusive) taken at the same time as the above 
eleven cylinders but tested six to eight months later and capped with 
Lumnite mortar and using spherical heads gave a point which does fall 
on the curve, although the ultimate stress is somewhat lower. Thus we 
see that the method of seating the cylinders is vital when accurate results 
arc desired, especially when the concrete is comparatively strong. 


THE RELATION BETWEEN ULTIMATE STRESS AND THE 
MODULUS OF ELASTICITY 

There have been several attempts to relate the ultimate strength in 
pounds per square inch and the modulus of elasticity of concrete. 
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Mr Stanton Walker in Bulletin No. 5 concludes lO 

“The modulus of elasticity of the concrete is a function of the com- 
pressive strength. The relation between modulus of elasticity and strength 
for mixtures leaner than about 1 :3 may be represented by an equation of 
the form : 

E=C S'" where E=modulus of elasticity of concrete 

C=a constant depending on the conditions of the 
tests 

S=compressive strength of concrete and 
"'=an exponent.’* 

And, “For the tangent modulus at 25 percent of the compressive strength, 
the equation becomes 

Etw = 66000 VS 

Substituting in this equation we find that for 

1000 lbs. stress per sq in., Et26=2.085 XIO* lbs, per sq. in. 

2000 =2.97 

3000 =3.59 

4000 =4.17 

mo —464 

Dean A. N. Johnson, in his article on “The Modulus of Elasticity of 
Cores from Concrete Roads,”® makes this statement in regard to this 
re]ation.ship. “ , . . .No marked relationship is found in these data be- 
tween the crushing strength of the cores and the modulus of elasticity.” 

This statement is in regard to tests on 112 cores drilled from concrete 
pavements in Maryland. 

Professor R. E. Davis and Professor G. E. Troxell® of the University 
of California in a paper read before the Thirty-second Annual Meeting 
of the American Society of Testing Materials shows data and results of 
tests of some 350 concrete cyinders. Under “Summary of Results” we 
find among others the following two statements' 


0 Pagfe 50. Bulletin Ko. 5, Structural Materials Research Laboratory, Lewis 
Inatitute. 

® Public Roads, October, 1928. 

(D Vol. 29. 1929, Part 2, Pag*' 700. 
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1. “The secant modulus of elasticity decreases as the stress increases, 
but for the richer mixes the variation with stress becomes less as time 
goes on.” 

2. “There appears to be no direct relationship between modulus of 
elasticity" and compressive strength which is generally applicable. But 
with conditions constant as regards aggregate, cement ratio and storage 
it appears in a general way the higher the ultimate strength the greater 
the secant modulus at a given stress.” 

Mr James W. Johnston in Bulletin No. 90.®, in a figure for concrete 
in compression where the modulus of elasticity is recorded for 50 percent 
of the ultimate stress of the concrete, shows a fairly definite relationship 
between the modulus of elasticity and ultimate strength, but separate 
and distinct curves for limestone coarse aggregate and gravel coarse ag- 
gregates. He also makes the following statement® regarding this strength- 
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modulus relationship; “The strength-modulus relationship depends on the 
aggregate and cement used, and is different in tension and compression.” 

If all of the results of Table 1 are plotted between ultimate stress 
and modulus of elasticity at the elastic limit regardless of source, ag- 
gregate used, age, slump, and other factors which may have a bearing 
upon this relationship, there seems to be very little consistency found. 
If, however, the source is considered along with the aggregate, curves 
are obtained that do show a fair relationship. 

Figure 7, Curve No. 1 is plotted from Table 1 for all the data ob- 
tained by students and from laboratory mixes when crushed basalt 
screened 1 " — and concrete sand No. 1 are used. Each point enclosed 
by a circle or triangle is the average of the number of o-linders indicated 
by the figure appearing adjacent to the point. 

The dots appearing represent individual cylinders. For these cases 
there was only one cylinder taken from the batch, or else variations in 
age of the concrete did not allow averaging. 

Because of lack of data below a unit stress of 2000 pounds per 
square inch a straight line has been drawn through the points shown. If 
other points were shown below' this stress the line drawm through the 
points w'ould probably assume a curved form. 

These points are plotted regardless of mix, age, proportion of sand 
to gravel, slump, and method of testing. The maximum deviation from 
the curve shown by any point that is an average of several cylinders is 
6.5 percent. In view of the above conditions this error is not excessive, 
especially when one considers that the results of other investigators 
referred to above show maximum errors of more than 10 percent when 
all conditions were controlled even to the extent of regarding the ag- 
gregates for each batch. 

Curve No. 2, Figure 7, represents the tests of cylinders cast from 
batches made by students when constructing large reinforced concrete 
beams. It is customary to calculate sufficient material for the beam and 
five cylinders, then to mix the materials in a large wooden mixing bin 
and to fill the beam forms. After this the remainder was remixed by 
turning over once or twice, and the cylinder forms were filled in the 
customary manner. 
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Just why these points, the work of five different student sections, 
should fall below the work resulting from laboratory mixes and laboratory 
instruction is hard to explain. The materials arc the same. The batches 
represented by the points for Curve No. 1 were only large enough to 
cast the number of cylinders indicated at each point. The batches were 
designed by using a definite water-cement ratio in each case and by the 
“Trial Method.” The materials were mixed in a sheet iron tray using 
standard methods of manipulation. 

The following reasons for the difference are suggested : 

1. Standard laboratory methods of manipulation should give better 
results than when the batch is multiplied several times and conditions of 
manipulation approach those used in the field. 

2. More uniform mixing of materials unconsciously obtained when 
working with small quantities in an iron tray as against large quantities 
mixed in a wooden bin on the floor using shovels 



Pigort 8. 
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Figure 8, Curve No. 1, shows the results of tests of individual cylin- 
ders received from a municipality covering the construction of a viaduct. 
The Materials Testing Laboratory had no control over the concrete used 
on this i)articular job, but did receive the vital data® in regard to mater- 
ials used and the mixes, which varied with the various parts of the con- 
struction for Curve No. 1. For this curve the points shown arc plotted 
without regard to age, mix, or slump. It is assumed that the method 
of curing is substantially the same for all of the cylinders, and the ag- 
gregate, both fine and coarse, did not vary as to source. 

The cylinder showing the maximum error below Curve No. 1 showed 
an excessive accumulation of the maximum size of coarse aggregate when 
broken open after the test. 

Curve No. 2, Figure 8, represents results obtained in testing cylinders 
resulting for street paving in the same municipality. They cylinders plotted 
are Nos. 233 to 238 and 260 to 265 inclusive. The vital conditions as to 
mix, method of curing, and slump, are not known. The age 
at the test \arics from .56 to 120 days. 

Figure 9 is the plotting of cylinders Nos. 132 to 135 and 146 to 176 
inclusive. Except for the design mix (cylinders Nos. 132 to 135 inclusive) 
these cylinders were obtained from a Campus construction job. A two 
sack mixer was used and two cylinders were taken each day of oper- 
ation. A concrete buggy was side tracked by the in.spector, a slump test 
made, and two cylinders poured. The cylinders w'cre stored in damp 
sand until tested. Eleven cylinders, one for each day, were tested at an 
age of seven days while the other cylinder for the day w^as allowed to 
cure for twenty-eight days. From Table 1 it will be noticed that the 
slump values vary from 2j,4 inches to 7 inches and that the age varies 
from seven days to a maximum of forty-four days at testing. 

The mix used w'as designed in the laboratory by the “Trial Method “ 
The mix was transferred to the field by making the usual corrections 
for bulking due to moisture and loose measure. The water-cement ratio 
was not maintained on the job. 


<i) Furnithed by Mr. A. D. Butler, City Engiueer. Spokane. Washington. 
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Figure 9 shows a fairly wide range in strength and a maximum 
deviation from the mean curve of less than 11 percent for any one point 
for the modulus of elasticity. In fact, the extreme percent range of 
values for the modulus is less than the percent range of strength. The 
seven-day relationship is distinctly lower than the twenty-eight day and 
older concrete. However, the modulus is influenced more by the strength 
obtained by the concrete when tested rather than the age at test. 

Figure 10 is the plotting of the results obtained from the test of 
cylinders Nos. 136 to 145 and 177 to 217 inclusive. These cylinders were 
obtained from the same job under the same conditions as the cylinders of 
Figure 9 except V/i " — gravel was used instead of 2" — crushed 
basalt as a coarse aggregate. Cylinders Nos. 137 to 145 inclusive cover 
the laboratory design of the concrete. The remainder are from the field. 

The results as to strength at seven days caused the mix to be changed 
during construction. Therefore the points are for two values of mix as 
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well as for the various slump values and other variables as indicated 
under the material for Figure 9. 

In the plotting of the points for both Figures 9 and 10 it was noticed 
that in almost all cases where the duplicate cylinders for any one day were 
tested at the same age the points plotted with the same value of the 
modulus although the strength values may have varied considerably. 

Figure 11 is a plot of the data obtained from cylinders Nos. 239 to 
259 inclusive. This concrete was made by the students in regular labora- 
tory for constructing the reinforced concrete beam. The procedure was 
the same as for the points plotted for Curve No. 2, Figure 7, except in 
this case the coarse aggregate was changed from crushed basalt to VA '' — 
34'" gravel. 

The points appearing in the group above the curve are for concrete 
made of the same materials but regraded according to Fuller's cur\e. 
Although the data is limited these points indicate that grading of the 
material used has an important effect on the modulus of elasticity of the 
resulting concrete, , 

SUMMARY AND CONCLUSIONS 

It has already been stated that the data presented is a result of the 
various functions of the laboratory and not the result of a study designed 
and carried out expressly for the relationships that have been shown by 
the graphs already exhibited. 

With this in mind we may be permitted to draw some definite con- 
clusions while others should be verified by further study. 

DEFINITE CONCLUSIONS 

1. Concrete as tested at the State College of Washington is elastic 
in the same sense that wc consider steel elastic.® Inelastic concrete is 
the exception and can be explained, for instance, by the improper grading 
of aggregate, (sec cylinders Nos, 13 to 18) by improper procedure in 
mixing and forming of cylinders, or by improper methods of testing. 


0 The author makes this statement advisedly and is cognizant of the work accom- 
plished in regard to plastic flow and creep in concrete and steel. 
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2. The elastic limit occurs at approximately 37 per cent o£ the ulti- 
mate stress. Beyond this point the curve bends off gradually until failure 
is reached. 

3. The relation between the clastic limit and ultimate stress is fairly 
constant; as the ultimate stress is effected by the variable factors, so 
also is the value of the elastic limit. 

4. As long as the elastic limit of the concrete is not exceeded con- 
crete may be reloaded and the same stress-strain relations will be obtained 
upon the consecutive loadings as were obtained on the first loadings. 
(See Figures 4 and 5.) 

5. The methods of bedding and applying loads to the cylinder along 
with accuracy and sensitivity of the testing machine and instrument 
have had, in the past, more to do with our present conception of concrete 
than other variables which arc often given the credit for our changing 
conception of concrete. For instance, this laboratory three years ago 
did not find concrete elastic. During this period many conditions er- 
roneously effecting the stress-.strain relations have been discovered and 
eliminated. Some of them can be enumerated as follows: 

a. Johnson type wire wound compressometcr was found unsatis- 
factory thus leading to the development of a more sensiti\c 
and accurate C(»mpressometer. 

b. Increments of loading so large that not enough iH)ints were 
established on the .stress-strain diagram to l>e sure of results. 

c. Use of testing machine that gave initial curvature of stress- 
strain diagram. See Figure 4. 

d. Use of plaster of Paris and fixed heads. It was found neces- 
sary to eliminate plaster of Paris as a bedding material for 
all cases. 

e. Find cappings not flat by a few thousandths of an inch due to 
several conditions. 

1. FvCcentric loading of cylinders when placed in testing machine. 

g. Temperature changes during test. 

6. The value of the modulus of elasticity as determined by actual 
test is considerably higher than the value used in design especially for 
2000, 2500, and 3(XK)-pound-per-square-inch concrete. 

7. There is a relationship between the ultimate strength and the' 
mt»dulus of elasticity if the data is grouped in relation to source. 
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CONCLUSIONS WHICH NEED ADDITIONAL VERIFICATION 


1. The strength-modulus relation is affected by the type of coarse 
Aggregate used; that is — ^basalt, gravel, limestone, etc. 

2. The strength-modulus relation is affected by the grading of the 
aggregate, both fine and coarse. (See Figure 11.) 

3. The strength-modulus relation is affected by the methods of ma- 
nipulation when the concrete is made. That is, strictly laboratory pro- 
cedure or conditions approaching those used in the field. (See Figure 7.) 

4. There are conditions peculiar to each job in the field that affect 
the strength -modulus relation. These conditions no doubt include those 
already mentioned and perhaps conditions unknown at present 

5. Where all variables are constant except the water-cement ratio 
and the attendant change in mix value, the strength may vary through a 
wide range with but slight change in the modulus of elasticity. (See 
Figure 7, Curve No.2, and Figure 11.) 

The author feels that although the data presented were gathered from 
cylinders from many sources, the results as presented are quite uniform 
In fact they are as uniform and consistent as results presented by other 
investigators who have limited many variables which of course could 
not be done in this study. 

If 10 percent of the erratic data could be eliminated from Table 1 
then all the remaining values would check within 10 percent of the 
mean. In fact, during the present college year we have had very few 
cases where the cylinders from any one batch of concrete have had a 
total variation exceeding 10 percent. 

It is quite certain that if cylinders recorded in Table I were to be 
tested with our present knowledge of laboratory procedure, less errors 
would show in the table. 

The investigations will be continued and we hope to verify some of 
this work as well as add more information in the future. 

Certainly accurate, economical, and safe concrete design cannot be 
had until we are sure of the physical properties of the main material that 
we are using in our structure. 
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VERIFICATION OF RESULTS BY USING INSTRUMENTS OF 

OTHER TYPES 

A large amount of the data accumulated in the last few years con^ 
cerning the physical properties of concrete has been obtained with the 
use of the mirror type extensometer. To eliminate question, a comparison 
between the results obtained with the hydrostatic and mirror type instru- 
ments is important. 

A mirror type instrument was acquired for the laboratory after the 
data exhibited in Table No, 1 was completed so that comparison so far 
as concrete is concerned has been accomplished on additional cylinders 
that appear only in Table No 3. 

Comparative tests have been made on both concrete and steel. A 
mild steel test bar was mounted in the 200,000 pound screw type testing 
machine for tension and upon the specimen were arranged four gages; 
namely, an H. C. Berry strain-gage, an Olsen “Last Word" extensometer, 
the mirror type instrument, and the new hydrostatic instrument. On the 
concrete cylinders, only the latter two instruments were used simultan- 
eously. 

In order that the results from the %arious tests could be visualized 
and comparisons made more readily the readings w’^cre plotted for each 
test. 

When the stress'-strain relationship for a material is a straight line 
the modulus of elasticity in a single factor expresses this relationship. 
The value of the modulus of elasticity for the steel bar as obtained by 
each instrument for stress up to 30,000 pounds per square inch is given in 
Table No. 3. It will be seen that there is a very close agreement betw’^een 
all instruments regardless of type, the only difference being a slightly 
higher value was obtained with the mechanical types and also the 
points as plotted indicate less accuracy than is shown by the hydro- 
static and mirror types. 

Four concrete cylinders of widely varying strength have been tested 
when using both the hydrostatic and mirror type instruments simultan- 
eously. The comparative data for each cylinder has been recorded in 
Table No. 3. For cylinder C-1 a straight line was obtained for the stress- 
strain relationship from zero to a unit stress of 920 pounds per square 
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inch, when usinfj the hydrostatic instrument. The mirror instrument in 
this case g^ave a curve from the origin which crossed the straight line given 
by the hydrostatic instrument at a unit stress of 700 pounds per square 
inch. The knife edges operating the mirrors were placed against the side 
of the cylinder on fairly rough surfaces, that is, grains of sand stood out 
from the surface and the knife edges had to fit in between these particles. 
This may or may not have been responsible for the obvious curvature 
obtained. In any event it is probable that this type of contact would not 
guarantee consistent results. In the following tests the knife edges were 
placed upon smooth surfaces on the concrete. 

A study of Table No. 3 will show that for cylinder No C-2 both 
instruments recorded the same elastic limit stress but the stress-strain 
relationship curve assumed a slightly different slope for each instrument. 
This is shown by the values of the modulus of elasticity, the value for the 
mirrors being 4.8^ lower than for the hydrostatic instrument. This is 
the maximum difference obtained in any of the verification tests. The 
readings for cylinders C-3 and C-4 checked so faithfully in all respects 
that no differences arc recorded in Table No. 3. 

Another indication of the faithfulness of the two instruments is in 
the fact that at 4(X) pounds per square inch stress in the concrete a slight 
change in slope occured in the stress-strain diagram. In all ordinary 
plotting of stress-strain diagrams this change of slope would not be found ; 
how'ever in the magnified plottings used for these comparisons this change 
in slope was found for three cylinders out of the four. .The fact that 
both instruments recorded this point, that it occurred at 4(X) pounds per 
square inch regardless of the ultimate strength of the concrete, would lead 
one to believe that it was caused by some condition which was not a 
function of the concrete or of the compressometers. 

As a result of the above verification tests several observations can be 
enumerated : 

First: The fact that deformations in 6" by 12" concrete cylinders can be 
measured by increments of one millionth of an inch per inch with 
total errors not greater than 5 % is particularly gratifying when one 
considers that the readings were arrived at with instruments alto- 
gether different in principle, construction, and method of calibration. 
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Second: When reading deformations in concrete to a high degree of ac- 
curacy, errors introduced by the testing machine, compressometer and 
the method of testing may influence the stress-strain relationship in 
such a way that erroneous conclusions regarding the concrete will 
be drawn. 

Third : The scale readings on the hydrostatic instrument were more than 
double those obtained with the mirrors when a scale distance of 60 
inches from mirror to scale was used. 

Fourth: The hydrostatic instrument required but a fraction of the time 
for “setting up“ in relation to the mirrors. 

Fifth: In its present form the hydrostatic instrument is more sensitive 
to temperature changes than the mirror type; however, neither can 
be used in tests of the accuracy here described covering a long 
interval of time without requiring correction for thermal expansions. 


Table 3. 
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No. 
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1 used 
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[ Unit 

1 Stress 
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Hydrostatic 
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Steel 

Steel 

Steel 
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1 30.1 * 

1 

1 30.1 

1 29.8 

1 29.8 


C— 1 

Mirrors 

Concrete 

3030 

Curve 

1 3.7S 


C—l 

Hydrostatic 

Concrete 

3030 
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j 386 

j t3.5% 

C~2 

Mirrors 

Concrete | 

5160' j 

“ 1700 

1 3796 ] 

r 


Hydrostatic 

Concrete 

1 5160 
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! 

i 1 4.8% 


Mirrors 

Concrete 

r2470 ■; 

j " 990“ 

1 3 : 34 ''” 

r 

C--3 1 

Hydrostatic 

1 

Concrete | 

2470 

990 

1 3.34 1 

1 0.0 


Mirrors 

C<m Crete | 

~“6610"“] 

~3m~ 

1 4.61 j 


c— ♦ j 

Hydrostatic 

Concrete | 

6610 1 

3(K)0 

i 4.61 i 

1 0.0 


* Modnluii calculated at 90,000 pounds per sq. inch stress in the steel. 

} The readings obtained with the hydrostatic instrument used at. the base 
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By O. L. Waller, October, 1915, Reprint 1925 (Revised and Reprinted 
as part of Engineering Bulletin No. 20.) 

3. Water Supply for the Country Home. (Out of Print.) 

By M. K, Snyder. See Engineering Bui. No’s 9, 10, and 11. 

4. Construction and Maintenance of Earth Roads. 

By L. V. Edwards, April, 1916. 

5. Cost of Pumping Water. Reprinted as Extension Bulletin No. 103. 
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7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 
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By M. K. Snyder, July, 1922. 
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By M. K, Snyder, February, 1922. 
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By M. K, Snyder and H. J. Dana, January, 1923. 

12. Commercial and Economic Efficiency of Commercial Pipe Coverings. 
By H. J. Dana, 1923 
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By W. A. Pearl and Eri. B. Parker, February, 1923. 
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Houses. By H. J. Dana, December, 1923. 
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By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear. First Progress 
Report. By H. V. Carpenter and H. J. Dana, January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear, Second Progress 
Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Progress 
Report.. By H. J. Dana, October, 1926. 

19. Rythmic Corrugations in Highways. First Progress Report. 

By H. V. Carpenter and H. J. Dana, February, 1^7. 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 
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The ENGINEERING EXPERIMENT STATION of the State 
College of Washington was established on the authority of the act 
passed by the first Legislature of the State of Washington, March 28, 
1890, which established a “State Agricultural College and School of 
Science,” and instructed its commission “to further the application 
of the principles of physical science to industrial pursuits.*’ The 
spirit of this act has been followed out for many years by the Engin- 
eering Staff, which has carried on experimental investigations and 
published the results in the form of bulletins. The first adoption of 
a definite program in Engineering researcli, with an appropriation 
for its maintenance, was made by the Board of Regents, June 21st, 
1911. This wa.s followed by later appropriations. In April, 1919, this 
department was officiallv designated, Engineering Experiment 
Station. 

The scope of the Engineering Expeniment Station covers research 
in engineering problems of general interest to the citizens of the 
State of Washintgon The work of the station is made available to 
the public through technical reports, popular bulletins, and public 
service. The la.st named includes tests and analyses of coal, tests 
and analyses of r<iad matoriaK, testing of commercial ^teani pipe 
coverings, calibration of electrical instruments, testing of strength 
of materials, efficiency studies in power plants, testing of hydraulic 
machinery, testing of small engines and motors, consultation with 
regard to theory and design of experimental apparatus, preliminary 
advice to inventors, etc. 

Published bulletins arc available as listed on pages 29 and 30. 

Requests for copies of the engineering bulletins and inquiries 
for information on engineering and industrial problems should be 
addressed to The Engineering Experiment Station, State College of 
Washington, Pullman, Washington. 

The control of the Engineering Experiment Station is vested in 
the Board of Regents of the State College of Washington. 
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FORMATION OF WASHBOARDS IN 
GRAVEL HIGHWAYS 


By 

Homer J. Dana* 


INTRODUCTION 

Highway tran^^portation in the United States is hec(nning more 
important and more popular each year In many places wliere the 
traffic will warrant the expenditure, hard •surface roads have been 
built Whether (»r not a concrete or bitulithic road is built iti a 
gi\cn locality is determined partly by the traffic need for such a 
road, and partly by the financial condition^ and the pi>litical situ- 
atum of that region axS well In places where hard surface roads for 
one na^on or another cannot be budt, and traffic warrants an im- 
prov<d r«^ad, it has been customary to surface* the road ^^ith gravel 
or crushed rock with which a small amount of tlay is mixed for 
binder This is a type of macadam surface commonly found in the 
Pacific Northwest. There arc thousands of niiUs of such highway in 
Use throughout the United States wdth many additional miles being 
added each year 

A crushed rock or gravel type surface when in gooil condition gives 
e\C(llvnl service for both passenger and trucking traffic. Howexer, as 
the vtdiimc of traffic roaches one thousand or more cars per day, such 
a surface riuickly develops transverse corrugations which are com- 
monly called “washboards”. These are aUo knr>\vn as rhythmic cor- 
rugations, ripples, chatter bumps, etc. 


* Tht* Kngineerinic KxpiM'imt'Ht Station wishes to express appiocintion to th<* Hon. 
Samnol J. HumcR, Director of the Washington State Highway Department, and 
to Mr. Geo. J. Beck and the late Mr. Tj. A McLeod, of the District office of 
the State Highway Department at Spokane for encouragement and assistance 
given toward conducting these tests during the Mimmer of 19‘20, 
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The presence of “washboards*' in gravel or crushed rock highways 
has proven to be a serious problem in many ways. For one thing, it 
increases the hazard of driving in that cars cannot be so well con- 
troled over such highways at high speeds. The severe treatment 
endured by the tires and running gear of the car tend to shorten the 
life of those parts materially. In the case of trucks, a badly “wash- 
boarded” highway tends to limit the maximum possible load which 
the truck’s springs can carry. On account of these problems, the 
highway maintenance engineers have continuously sought means 
whereby they could either eliminate or materially diminish the form- 
ation of “washboards” in gravel highways. Their efforts have been 
directed primarily toward the treatment of the road surface, and this 
has been only partly successful. By. the use of intensive maintenance 
such as frequent planing and blading of the gravel surface, they have 
found it possible to limit the depth of “washboards” on such highways. 
However, the fact that, in order to plane down the “washboards”, the 
road surface is being continuously stirred and pulverized by the 
maintenance equipment has augmented what has commonly been 
called the “dust menace” of driving and has resulted in a rapid loss 
of binding material carried away by the wind. For these reasons 
and in the interest of economy it is desirable if po.ssible to learn 
if there might not be some better way of minimizing the “wash- 
b<^»ard” menace than by means of an intensive maintenance program. 

With this situation in mind, the l^ngineering Experiment Station 
of the State College of Washington a number of years ago under- 
took a study of the cause and prevention of “washboards” in gra\el 
highways. In 1926, a car was equipped with a recording mechani.sm 
which recorded tin paper the relative motion of a car axle with respect 
to the body of the same car when traveling over “washhoarded” roads. 
Extensive tests were made at different speeds over several different 
“washhoarded” highways Tests were also conducted on perfectly 
s*mooth roads on which had been placed a hump or a single depression. 
This made it possible to analyze the entire history of a single road 
shock. It was soon apparent that in the making of these tests there 
were other factors he.sides the bumps on the road surface which were 
entering into the test record. One of these especially was the lurch 
of the car body from side to side. 
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During the following stwnmer, namely; of 1927, a small laboratory 
apparatus was developed which embodied the characteristics of a car 
and on which tests could be made without the introduction of dis- 
turbing influences other than those being studied. All cars possess 
the characteristics of sprung and unsprung weight. The car 
body, which is carried on the springs is the "sprung weight’*. The car 
axle together with the hubs, brakes, and wheels constitute the "un- 
sprung weight". This "unsprung weight" however, is somewhat cush- 
ioned by the air in the tires. By means of the above mentioned lab- 
oratory apparatus, careful analysis was made of the relative motion 
of the different parts of the car when subjected to "washboard" shocks 
at different speeds. The results of these tests were published in 
Engineering Bulletin No. 19. 

In order to further study this problem, during the following summer 
of 1928, a test track w^as built on the State College campus for carry- 
ing on further "washboard" tests. This track was built 175 feet in 
diameter and banked for a normal speed of twenty miles per hour. 
The surface of the track was given a gravel topping according to 
standard highway specifications except that it was only about 5 
inches thick. A model T F'ord touring car, used for the test, was 
equipped with high prcs.sure tires, namely, three and one-half inch 
tires at fifty-five pounds air pressure and driven at twenty miles per 
hour. "Washboards" could he formed on the gravel surface of the test 
track in 100 trips. Equipped wnth hydraulic shock absorbers, the form- 
ation of "washboards" was found to be much slower. In fact, it was 
not possible to make satisfactory "washboards" on the test track with 
this combination. When balloon tires were substituted, without shock 
absorbers, it was found impossible to make "washboards” on the test 
track, even though the test was continued until the road was virtually 
worn out. 

While the above tests all contributed to the fund of information on 
the subject of "washboards", it was felt that further tests should be 
conducted on a straight highway. This would more nearly duplicate 
the conditions which exist on the public highways, and results from 
such tests would be more readily accepted by engineers and others 
interested rn highway maintenance. 
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PART I 


OBJECTS OF TESTS 

The results of the foregoing tests and experiments would seem to 
indicate that there is a possibility of solving the “washboard” problem, 
in so far as it can be solved, not by attacking it from a maintenance 
standpoint but by controlling the conditions and characteristics in- 
herent in the car itself. If this were possible, then at least part of 
the present objectionable and expensive method of continuously loos- 
ening the road surface would be eliminated. A reduction of thi*^ 
present maintenance program would save substantial amounts of main- 
tenance money, which otherwise could be devoted to improving the 
highways. With these things in mind, the problem was laid before 
the State Highway Department of Washington. Later, with th< ir 
cooperation, a stretch of gravel road was chosen and prepared for 
further tests during the summer of 1920. 

IDEAL CONDITIONS FOR TESTS 

During the long dry summers which are characteristic of eastern 
and central Washington, road surfaces become more or les> thor- 
oughly dried out. The dry clay binder which is made a part of the 
gravel and crushed rock highways found in this section loses much 
of its cementing value and fails under the force of heavy automobile 
traffic. The continued impact of automobile tire^ then loosens and 
moves this gravel .surface into successive bumps and hollows. If this 
gravel is restored to a smooth surface by means of a drag or grader, 
an equal amount of traffic will again restore the “washboard” con- 
dition. For this reason, the dry summer weather of Eastern Wa.sh- 
ington makes it possible to duplicate conditions and repeat tests 
rapidly and with fair uniformity of results. 

DESCRIPTION OF TEST ROAD 

Out of several sites under consideration, one was chosen which is 
located about twelve miles southwest of Spokane. More particularly, 
this road was a part of the original highway between Spokane and 
Cheney before the new concrete road was built. It runs east and 
west on the east side of the concrete highway and one-fourth mile 
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north of Four Lakes, Washington. The road is level throughout its 
length except for a short section which has a grade of from three to 
ft)ur per cent. There are two long easy curves. The surface appears 
to be of screened material from a glacial gravel deposit, and it is 
estimated that eighty-five per cent of this loose material on this road 
would pass a three-eighths inch screen. The sand is quartz with pract- 
ically no basalt present. During the season of the spring rains, the 
State Highway dei)artinent went over this road with a grader and 
left it perfectly smooth. Under the normal light traffic (ten to fif- 
teen cars per day), the surface became hard and smooth During the 
following dry weather, a grader was again used to plane the surface 
leaving about two inches (»f hH>se material on a perfectly smooth 
hard base 


CONDUCTING TESTS 

I'reliminarv to each tost, this loose material was brought to the 
center of the road and spread e\cnly a little wider than the width of 



Figure 1. The Road Drag, U«cd to Prepare the Test Hoad for the ‘Washboard’ 
Test, Is Shown Lifted from the Road Surface to Reveal the Pour “EdKes.” 


a car. The drag used, (See Fig. 1 & 2) consisted of four angle-irons 
rigidly welded to cross-bars and dragged behind the car at about 
sixty degrees angle to the line of travel. After going over the road 
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with the drag in one direction, the angle of the drag was reversed on 
the return trip. This tended to eliminate “drag ripples” and left the 
road surface practically smooth and free of any bumps or depressions. 
See Fig. 3 & 4. 

After a test had been completed, “washboards” would be present at 
various places on the road. See Fig. 5. Owing to the light traffic, 
the test car could be driven back and forth in the same track, thus 
concentrating all the travel on the center of the road. See Fig. 6 & 7 . 
In order to thoroughly erase the influences of any previous test, the 
road was scarified each time before it was dragged. The scarifier 



Figure 2. The Weighted Koad Drag Attached to the Rear of the Teet Car while 
the Road was Being Prepared for the Next “Washboard” Test The BJad^w of 
the Drag Make an Angle of About 60 Degrees to the Line of Travel. 


consisted of a steel frame about eighteen inches wide and four feet 
long. See Fig. 8, 9, & 10. Four rows of teeth were arranged equi- 
distant along the length of this frame. Successive rows of teeth were 
staggered with the preceding rows. While this scarifier was not heavy 
enough to actually tear up the hard surface of the road, it thoroughly 
loosened the gravel which the car had packed into “washboard” shape 
during the previous test. Thus after scarifying and dragging the sur- 
face for a new test, it was reasonably certain that the results would 
not be influenced by what had taken place previously. 
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Figure 3. View 

of the Test Road on 
the 25 M.P H Section 
During Test with Bal- 
loon Tires 
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Figrure 5. (Left) ‘‘Wash- 
boards” as Developed 
on the 35 >1 P.H Sec- 
tion, usin^ High Pres- 
Mire Tires. 
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Figure 6 (Right) Tin*' 

Show^ the Progress of 




Section Showiiit: the 
Gravel Smoothed and 
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FiKUPP fl. Quarter View of the Weifrhted Scarifier in Action. KrawinR from the Ro«d 
Surface, the Effects of the Previous “Washboard” Test 



Pigure 10. The Scarifier Raised from the Road Surface to Show the Four Rows of 
Teeth. The Teeth in Each Row- Are Staggered with Respect to Those in the 
Preceeding Row. This View ahowa the Teeth Nearly Worn Out. 
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DESCRIPTION OF TEST CAR 


It was deemed desirable that the car for these tests should be of 
medium size and weight. The car chosen was a 1927 Chevrolet Coach 
of 103'" wheel base and weighing 2620 pounds with driver. Fig. 11. 
Two set of wheels were provided. On one set were mounted balloon 
tires, size 29 by 4.40, and operated at thirty-four pounds air pressure. 
On the other set of wheels were mounted high pressure tires, size 



Pifrure 11. Vifw of thi* “Highwfty Watthboard Tvst” Car <»f the ISn^jineerinp 
Experlmimt Station, The Car im Shown Equipped with Hijrh t*ressure Tires A 
S4»t of Balloon Tires Were alNO Provided for the Same (’«r 

30 X 3;4 and operated at fifty-five pounds air pressure. The car was 
equipped with a new set of ‘'TWO WAV ' hydraulic shock absorbers 
Fig. 12. 


DESCRIPTION OF TESTS 

The test road which was one and four-tenths niiles long was divided 
into five sections. On the section at one end of the road a <peed of 
twenty-five miles per hour was maintained in either direction. On 
the adjacent section, the speed was raised to, and maintained at, 
thirty-five miles per hour. On the next section, at forty miles per 
hour; on the next section, at thirty miles per hour; and on the other 
end section, twenty-five miles per hour. At each end of the track, a 
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short section was reserved for decelerating prior to turning around 
and for accelerating again to twenty-five miles per hour. Also be- 
tween adjacent sections, it was necessary to reserve a short distance 
for accelerating or decelerating for the speed in the next section. 
Thus, when the test was completed comparative results were .show^n 
at four different st)eeds. 

At the beginning of the test, several day^ were spent in learning 
how to develop and control the desired conditions. For instance, it 
was found that dragging must he done at a speed not exceeding three 
to four miles per hour otherwise the drag would jutnj) and chatter, 
leaving a rough surface It was also found that unless the angle of the 



12. 1’hi* T«*.st (’«r was Kqiiipppfi wjlh a Set of Four Two-Way” H><iraulic 
Shtjck Ahsorbor.s for tlu' ‘‘Washboard” Tests. 


drag to the line of travel was reversed each time over the r<;ad, a .ser- 
ies of drag ripples would lesult which would seriously influence the re- 
sults of the tests. Repeated tests W'ere made during these first days 
until it was felt that the conditions were understood and could be 
controlled and duplicated at will. This made it possible to put the 
track in the same shape for each succe.ssive test. Furthermore, it 
was discovered that the formation of ^'washboards^* as far as conipar- 
iitive tests were concerned need not progress to the extreme con- 
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Fiiriir** 13 (Left) View 
of A Badly ' ‘Wa<4h 
boarded” Section of 
Gravel Highway a boat 
Three Weeks after the 
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ditions found on average gravel highways. In other words, a stopping 
point for the tests was determined upon in which the ‘‘washboards" 
were perhaps not more than one-eighth of an inch deep, and had 
not dug into the hard road surface. They consisted entirely of the 
loose gravel placed and packed in more or less uniformly spaced 
.shallow ridges and hollows. At this stage of their formation, the 
“washboards" were plainly visible to a driver in a car, and the distance 
between successive ridges could readily be marked and measured. 

The driver of the test car was constantly on the alert during the 
progress of the test to observe the first appearance and location of 
“washboards". Note was made of the time of occurence and the sec- 
tion of the road on which “washboards" first appeared. As might be 
predicted, “washboards" first appeared on the highest speed section, 
and were last to appear on the lowest speed section. Furthermore, it 
was observed that the average length of “washboards" varied accord- 
ing to the speed of travel on that section. 



Fissure 16. “Washboards” in an Oiled Gravel Highway. The Bumps are Hard and 
About One Inch High, and Were Formed by the Tires Digging Pita Into the 
Smooth Hard Surface of the Road. Only a Very Small Amount of Loose Gravel 
Is Present. 
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RESULTS OF TESTS 


The following Table 1 shows the summarized results of the tests on 
high and low pressure tires with and without shock absorbers. The 
shock absorbers used, Fig. 12, were installed and used with the orig- 
inal factory adjustment which gives slight resistance to compression 
and considerable resistance to recoil. 

While tests could have been made with other adjustments of the 
shock absorbers it was felt that other means could be devised for 
determining the optimum adjustment without spending the days and 
weeks necessary to conduct the road tests. In Table II are shown 
the average lengths of the washboards as measured on the different 
speed sections of the track. In Fig 13, 14, 15, and 16, are shown some 
typical washboards found on other highways during the summer of 
1929. They average about 1" in depth and 27.5" in length. In Fig. 17 
are shown the curves giving the information contained in Table I. 


Tabic 1 

Formation of W. B. as related to Speed of Travel on Test Track, 1929 


Test 

Type 

Shock 1 - 


Trips to Make 

' ‘Washboards*^ 


No 

Tire 

A.bsorhers' 

25 

1 30 ' 

' 35 ’ 1 

40 




MPH 

MPH 

MPH 

MPH 


1 

H.P. 

No 

! 100 

91 

1 36 

1 36 

2 

H.r. 

No 

1 

1 

No; 

1 results 

I 

3 

H.P. 

No ! 

137 

79 

! 71 

65 

6 

H.P. ! 

No 

1 146 

76 

! 60 1 

i .so 

.5 

1 H.P. 

Yc.s 1 

! 290* i 

230 

153 

I 230 

7 

H.P. 

1 i 

1 188 

188 I 

105 

92 

9 

H.P. 

1 Yes i 

350* 1 

220 j 

t 126 

110 

4 

L.P. 

No ! 


No, W. B. up to 360 trips 


8 

L.P. 

Yes j 


No. W. B. up to 570 trips 



CONCLUSIONS 

From Table I it will be seen that speed of travel hears a definite 
relation to the rapidity with which '^washboards*' are formed by high 

Knd of teRt with no wB.shboard.f» showing on this section. 
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pressure tires. Furthermore, the addition of one type of shock ab- 
sorber at least has a retarding effect on the formation of ‘^washboards'* 
and would seem to prevent their formation at low speeds. It will be 
noted that in these tests, balloon tires did not make “washboards” 
even after prolonged operation on the test track. Whether or not, 
balloon tires would promote or retard their formation on an already, 
deeply “washboarded*’ highway is a question yet to be answered. Like- 
wise, the comparative efTectiveness of the different types of snubbers 
and shock absorbers is still to bo determined. 



16 “Washboards” in Loose Dry Gravel They Are about 3 Inch H»p:h anc 
Are of Loo.se Material 'which can be Scuffed Away >\ith the Pool 


Tabic II 

Characteristics of W. B. made on Test Track, 1929 


speed 

M.P.H 1 

1 

1 Avt'rage length of 

W.B. in inchea 

1 . . 

Number W.B. 
passed per second 

25 1 

S 21.14'' 

20.8 

30 

23.83" 

221 

35 

26.47" 

23.3 

40 

29.32" 

1 24.0 
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From Table II it will be noted that the average length of *Vash- 
boards*’ in the different speed*sections varies somewhat according to 
the speed of travel of the car used in the tests, and this is to be ex> 
pected. If the movement of the wheels and axles had corresponded 
with the free movement of a weighted spring, then the third column 
would have shown one constant value as the rate of vibration regard- 
less of speed of travel of the car. The actual vibrations as computed 
from the average length of the “washboards** and the speed at which 
they were formed gives values ranging from 20,8 to 24.0 vibrations 
per second. This would seem to indicate that the speed of travel of 
the car introduces certain factors which cause the wheels and axles 
to vibrate at a higher rate at high speeds than at low speeds. 

While the percentage of high pressure tires on passenger cars has 
greatly diminished and is at present very small, the percentage of 
trucks on the highwa}^ is constantly increasing. Truck tires arc, at 
present, essentially of the high pressure type, although a very few 
trucks are using what is known as the truck type balloon. Most 
truck tires are operated at approximately 100 pounds air pressure 
which, together with heavy loads and relatively high speeds, would 
cause a more violent reaction upon the road surface than in the case 
of the above tests with 55 lb. tires. It is hoped that subsequent tests 
in the laboratory and on the highway will yield definite information 
as to how much the behavior of the car or truck wheels can be con- 
trolled with reference to its propensity for making “washboards**. We 
have found much evidence showing that snubbers or shock absorbers 
applied to the high prcs.sure type of tires will not only contribute to 
the easier riding quality of the vehicle thus equipped, but will serve 
to diminish the expense of maintenance both of the road and of the 
car. Such an accomplishment would point the way to a pos.sible sav- 
ing in maintenance money in the State of Washington alone of many 
thousands of dollars per year. 
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PART II 

STUDY OF TEST CAR 

In order to more correctly interpret the results of the tests des- 
cribed above, an intensive study was made of the behavior of the test 
car itself. 

A rotating cylinder was mounted in the car and geared to the speed- 
ometer drive. This cylinder carried a blank paper record, on which 
two pencils were arranged to record the relative motion between the 
front and rear axles and the car body. Motion was conveyed to these 
pencils by means of steel piano wire run over pulleys and attached as 
near as possible to the right hand wheels of the car. The wire was 
attached to the pivot pin on the right front axle and to the brake 
housing on the right rear axle, both points of attachment being 
about the same distance from the plane of the tire. 

With the above equipment, the test car was driven over a smooth 
and hard gravel highway, at one point of which had been placed a 
rounded artificial bump 6 inches wide and 1^ inches high. This was 
placed in the path of the right hand wheels only Records were 
made of the relative motion of the axles with respect to the car body 
at 20, 25, 30, 35 and 40 miles per hour, using high pressure tires, and 
low pressure tires, both with and without two-way hydraulic shock 
absorbers. These records are shown in Fig. 18 and Fig. 19. 

ANALYSIS OF RECORDS 

A general inspection of these records reveals that the use of shock 
absorbers either with high pressure tires or with balloon tires not 
only quickly damps out the axle vibrations but also reduces their 
amplitude of vibration. This means that the tire itself takes more of 
the shock, due probably to the fact that the reduced recoil of the 
springs by the snubber action of the shock absorbers causes the car 
body to ride lower with reference to its axles on "washboarded’* roads. 
This perhaps is one of the things which influences the increasing of 
the rate of vibration of the axles with an increase of speed of the car, 
as indicated in Table II. 

The records also show that the rate of vibration is higher for the 
front axle than for the rear axle. For instance, in Fig. 19, at 40 
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SPBB9 OF TEST CAE IB MILES 






Shown in Figure 18 Were Repented. 
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M.P.H. the rate of vibration beginning with the first recoil is cal- 
culated to be 13,25 per second for the front axle and 8.57 per second 
for the rear axle. The amplitude with respect to the car body of the 
first vibration upward after striking the obstruction is 1.25 inches 
front and 1.25 inches rear at 40 M.P.H. This amplitude increases 
with decrease of speed showing that the tire absorbs more of the road 
shock at high speeds. 

Also, from Fig. 19, at 20 M.P.H the rate of vibration is 12.2 per 
second for the front axle and approximately 7.9 per second for the 
rear. The amplitude with respect to the car body of the first vibration 
of the axle upward after striking the obstruction is 1.81 inches front 
and 2.57 inches rear at 20 M.P.H. 

From the above it will be noted that the apparent distance between 
impacts of the tire on the road surface after striking the single ob- 
struction exceeds the average length shown for corresponding speeds 
in Table II. 

In this connection, consider Fig. 20, which represents the action of 
the axles of the test car travelling at 20 M.P.H. over “washboarded” 
highway where the average length of the “washboards” is found by 
measurements to be 23.9 inches. Neither the front axle nor the rear 
axle are oscillating in step with the “washboards” being travelled over, 
although both are not far from synchronism. From Fig- 21, where 
the car is travelling at 30 M.P.H, the front axle is shown to be oscil- 
lating practically in synchronism with the “washboards” being traveled 
over; and the curve is remarkably regular. On the other hand, the 
rear axle is oscillating more or less independently of the “washboards” 
and at a slower rate. When the axle vibration does correspond with 
a “washboard,” then the reaction is indicated by a peak in the curve 
higher than the average. 

From the information secured thus far, it would appear that the 
average length of the “washboards,” formed on each section of the 
test track as shown in Table II, must represent a compromise between, 
or a combination of, the separtatc forces exerted on the road surface by 
the two vibrating axles of the car, and therefore does not correspond 
to the natural period of either. This indicates that further study is 
necessary in order to fully understand the relation between cause and 
effect. 



TEST WITH HIGH PRESSDRE TIRES ON A WASRBOARDESD BIGRWAT 
with shock absorbers 
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OUTLINE OF FURTHER STUDIES 


The data thus far secured seems to indicate that there arc a number 
of questions relative to the prevention of '^Washboards’* which are yet 
to be answered. For instance, will balloon tires driven over a badly 
“washboarded” highway tend to build up or tear down the existing 
“washboards”? Will the addition of shock absorbers to a balloon 
equipped car change the answer to the above question? 

The results of all previous tests indicate that high pressure tires 
are far more destructive of gravel road surfaces than are balloon tires 
vSince high pressure tires on passenger cars are fast disappearing, our 
attention is necessarily directed toward high pressure tires on trucks. 
This type of traffic is rapidly increasing both in weight and numbers. 
Much of the stage traffic would be classed with trucks as regards th(‘ 
high pressure tires. The question is, what is the relative effect of this 
type of traffic upon the highways considering the load per square inch 
of tire contact with the road surface (which equals the tire pressure) and 
the cuslomarv speed of travel. 

In the light of the tests just concluded, at least one particular ty)»e 
of shock absorber (when applied t<) a passenger car) serves to delay 
the formation of “washboards” on gravel highways. 

The question what type of shock absorber is most efficient in the 
])revcntion of “washboards”? Furthermore, to what extent can the 
formation of “w^ashboards” be controlled by the application of such 
shock absorbers to trucks and stages equii>ped with high j)res.sure 
tires? And again, is it possible that a more efficient type of shock 
absorber can be developed which will nut <»nly give riding comfort, 
but wdll be more effective in the preventi<m of “washboards**^ 

These and other kindred questions have presented themselves in the 
course of this investigation and the Engineering Experiment Station 
proposes a continued study of this problem which will ultimately cni' 
brace all the que.stions mentioned above. This will involve an intens- 
ive laboratory study of the inherent characteristics of different cars, 
to be followed by intensive tests on certain standard gravel highway 
surfaces. As rapidly as time and finances will permit it is proposed 
to carry this problem to completion. 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 


1. Sewage Disposal for the Country Horae. (Out of Print.) 

By O. L. Waller and M. K. Snyder, March, 1914, July, 1916, 

2. How to Measure Water. 

By O. L, Waller, October, 1915, Reprint 1925 (Rc\ised and Reprinted 
as part of Engineering Bulletin No. 20.) 

3 . Water Supply for the Count -y Home. (Out of Print.) 

By ^1. K. Snyder. Sec Engineering Bui. No’s 9, 10, and 11. 

4. Construction and Maintenance of Earth Roads. 

By L. V. Edwards, April, 1916. 

5 Cost of Pumping Water. Reprinted as Extension Bulletin No. 103 
By O. L. Waller, August, 1916. 

6 Fuel Econoni}' in Domestic Heating and Cooking 
B}' B. L. Stcclc, December, 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J, Dana, October, 1921. 

8 Vse of Ropes and Tackle, Illustrated 

By H. J Dana and \V. A. Pearl, December. 1921 

9 Well and Spring Protection 
By M. K. Snjder, July, 1922. 

10 Water Purification for the Country Home 
H> M. K. Snyder. February, 1922. 

1 1 Farm W'ater Systems. 

By M, K. Sny'der and H T. Dana, January. 1923 

12. ('ommercial and Economic Efficiency <‘f Commercial Pipe Coverings. 
By H T. Dana. 1923. 

13 Critical \'elocitv of Steam With Counter-Flowing Condensate. 

By W'. A Ih'arl and Eri B. Parker, February, 1923 

14 The Cse of P(»wer I"ans for Night Cooling of Common Storage 
Houses By H. J Dana, December. 1923. 

15. A New Stationary Type Laboratory ^feter 

By H. V. Carpenter and H. J. Dana, Scplembei. 1^24 

16. Relation of Road Surface to Automobile Tire Wear. First Progress 
Repoit. By H. V. Carpenter and H. J Dana, January. 1924 

17. Relation of Roa<l vSurface to Automobile Tire W’ear. Second Progress 
Report. By H. T. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Progress 
Report. By H. J. Dana. October, 1926. 

19. Rythmic Cormgativms in Highways. E'irst l*rourt*s< Rep<^)rt. 

By H. V. Carpenter and H. J. Dana, February, 1927 

20. How to Measure and Use Water for Irrigation 
By O. L. Waller. March, 1927. 
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21. Magnetic Nail Picker for Highways. 

By H. J. Dana, August, 1927. 

22. Spray Residue and Its Removal From A^les. 

By F. D. Heald, J. R. Neller and F. L. Overley of the Agricultural 
Experiment Station in Cooperation with H. J. Dana. 

23. Survey of Fruit Packing Plants. ($2.00 each) 

By H. J. Dana, December, 1927. 

24. Survey of Fruit Cold Storage Plants. (Out of Print) 

By H. J. Dana, March, 1928. 

25. An Extcnsometer and Compressometer of the Hydro-static Type. 

By H. H. Langdon, October, 1928. 

26. A Survey of Fruit Cold Storage Plants in Central Washington 
By H. J. Dana, December, 192S.' 

27. The Automatic Underfeed Coal Stoker for Domestic Heating. 

By Homer J. Dana, April, 1929 Second Edition, October, 1929 

28. Importance of Preliminary Ore Analyses by Means of the Stereoscopic 
Binocular Microscope. By Arthur E. Dtucker, April, 1929. 

29. Short Wave Transmitter Design. 

By David H Sloan, September, 1929. 25c postpaid. 

30. The Elasticity of Ccincrete. 

By Howard H- Langdon, January, 1930 

31. Rhythmic Corrugations in Highways. Second Progress Report. 
By Homer J. Dana, January, 1930. 

32. The Economical Distribution of Steam in Di^trirt Heating. 

By A. C. Abell, February, 1930. 
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nfKe State College of Washington 

Foniuled and BCaiiitaliMd liy tlie National GoTommont and tlie 
Stato of Waahlngton 
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Engineering, Fann Management, Agricultural Journalism, Agricultural 
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and M.S. Degrees) 
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THE ECONOMICAL DISTRIBUTION OF STEAM 
IN DISTRICT HEATING 


By A, C. Abell 


It often becomes necessary, in planning district or institutional heat* 
ing systems to determine the rclati\c costs of transmitting steam at dif- 
ferent pressures, and with different allowable drops in pressure per 100 
feet of line. Usually the solution of problems of this kind can be more 
readily accomplished if the relationships among the several variables, af- 
fecting the solution, can be expressed graphically. It is the purpose of 
this paper to develop these relationships together with charts for the 
solution of types of problems commonly arising in practice. 

The delivery charges, in a district heating system, will include 
the losses of heat consequent upon the transmission, and the fixed charges 
on the pipe line. Since the cost of the conduit, whether it be subway, 
woodcasing, or tile construction, will vary with every locality and design, 
it has not been considered in the present calculation. The heat losses, 
which occur in a pipe line per unit of length, vary with the size of the 
line, the temperature difference between the pipe and the surrounding 
air, and the efficiency of the pipe covering. 

COSTS 

The cost of the pipe line in place is composed of the cost of the pipe 
and fittings on the job, the cost of the pipe covering, plus the cost of 
placing. The cost of the pipe, fittings and covering were taken, for this 
calculation, at the price to the trade. The cost of erecting was figured 
on the basis of one steam fitter and the necessary helpers, at the going 
wage, of $8.00 and $4.00 per day respectively. 
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The charges on the cost of pipe line will be made up of the following 
items, taken at the values given: 

1. Interest on investment 7%, 

2. Taxes at 29r, 

3. Depreciation at 4^e . 

4. Maintenance at 2%. 

On the basis of the above, the costs of different sized pipe lines in place 
have been calculated and arc shown in Table I. 


TABLE I 

Cost of Pipe Lines in Place, per 100 Feet. 


Pipe 

Size 

Cost of 
Pipe per 
100' on 

Cost of Service 
Fittings 

Labor of 
, Placing, 

Cost of Std.. 85% 

• Magnesia CoTering 

-Total Cost 
; of Pipe 
, Line 
! Dollars 

the Job 
Dollars 

% of Cost 
, of Pipe 

Dollarn 

Dollars 

on the 
Job 

Cost of 
Placing 

3 

$ 49.10 

20 % I 

$ 9.80 ' 

1 1 

‘ $ 2.95 ' 

$27.00 

1 1 

1 $2.50 

$ 91.35 

4 

74.35 : 

171/,% i 

13.00 

' 3.70 i 

36.00 

1 3.00 ' 

1 130.05 

5 

114.10 i 

IS % : 

17.10 

1 3.70 ' 

' 42.00 

! 3.50 1 

1 182.40 

6 

148.00 1 

15 % j 

22.00 

‘ 6.60 ' 

48.00 

! 4.00 

1 228.60 

8 

218.70 1 

12/% 1 

27.20 

! 8.80 ! 

49.50 

1 4.50 

' 308.70 

10 1 

315.95 j 

10 % i 

31.60 

1 9.50 j 

58.50 

1 5.50 ■ 

! 421.05 

JiJ 

415.55 

10 % 1 

41.50 

1 10.40 j 

83.20 

1 6.00 

556.65 


Expressing the costs of pipe lines, as sho\\Ti in Table I, on the basis 
of cost per pound of bare pipe, the results will be as shown in Table FI. 


TABLE II 

Costs of Pipe Lines per Pound of Bare Pipe 


Pipe Size 

1 Weight Per 100 
Feet of Bare Pipe 

Total Cost of Pipe 
Line in Place 

Total Cost Per 
Pound of Bare Pipe, 
in Place 

1 

3 

1 761 6\b ! 

$ 91.35 1 

12 C 

4 

! 1088.9 1 

i 130.05 1 

ll,9Sc 

5 

1 1481.0 

182.40 i 

12.28c 

6 

1 1918.5 1 

I 228.60 j 

11.92c 

8 

1 2500.0 

308.70 ! 

12.34c 

10 

! 3200.0 

1 421.05 j 

13.10c 

12 , 

1 4500.0 

j SS6.6S 1 

12.35c 
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From Table II, it is seen that the cost of pipe lines, in place, is very 
close to 12 cents per pound of bare pipe, regardless of the size. This 
suggests that the annual fixed charges against the pipe line may be ex- 
pressed by an equation of the form, 

Fixed Charges = I K W (1) 

where 

I = the sum of interest, taxes, depreciation and maintenance, ex- 
pressed as a per cent of the cost, 

K = cost of pipe line, per pound, in place, 

W = weight of pipe, per 100 feet. 

The capacity of pipe lines, in pounds of steam per second, is given by 
the relation :* 


V P w 

Capacity = K' j (2) 

where K' = Constant = 550 for a 12" pipe 

350 „ „ 10" 

195 „ „ 8" 

97 ., „ 6" 

60 „ „ 5" „ 

32.5 „ „ 4" „ 

15.5 „ „ 3" 

P ~ total allowable pressure drop for the pipe line, 
w = mean density of the steam, lbs. per cu. ft. 

L ~ length of the pipe line in feet. 

The fixed charges, per 1000 pounds of steam delivered, assuming 100% 
load factor, may now be expressed; 

I K W 1.000 

Fixed Charges = — 

P w 

365X24X60X60 KM 

I K 

0.001X)317 I K 

= (3) 


V P w 


1 


* Bpitsglas, see, Gebhardt, Steam Power Plant EnKineeriiijr Steam Boiler Engi» 
neering, Heine Boiler Company. 
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As the basis for plotting a diagram to represent Equation (3), assume 
the following values: 

I = 15% 

K = 12c 

P _ 1 

L 100 

Substitution of the above values in Equation (3) gives. 

0.15X12X0.0000317 W 
Fixed Charges = 

vT'w" 

K' I 

I 100 


0.000572 W 
K' 


(4) 


Assuming different values of the mean pressure of transmission and 
substituting the corresponding values of mean density ‘V*’ in Equation 
(4), gives the results shown in Table III. These results have been plotted 
and are shown in Fig. 1. 

For other values of the variables I and K the fived charges will vary 
directly with the values of 1 and K and may be easily calculated. When 
the pressure drop, per 100 feet of pipe, is different than one, as here 
assumed, the fixed charges will vary inversely as the square root of the 
pressure drop used. This correction may be read from the diagrams. 

Correction factor. A line marked ‘'Correction Factor Curve'* has 
been added to the diagrams, Figures, 1, 2 and 3, frt>m which a factor may 
be determined with which to multiply the fixed charges, as read from the 
diagram, in order to correct for different pressure drops. For instance, 
suppose an allowable pressure drop of 0.3 o£ a pound per 100 feet of pipe 
is all that can be permitted. Enter the diagram at 0.3 on the pressure 
drop scale, pass vertically upward to the correction factor curv^e, and then 
to the left hand .scale. The correction factor for this case is 1.83. That 
is, the fixed charges, per 1000 pounds of steam delivered, thru 100 feet 
of pipe, will be 1.83 times as much as that read from the diagram. 
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TABLE III 


Nomina) 

Pipe 

Diameter 

Iiichefii 

Weight of 
Pipe per 
100 Feet, 
Pound K 


! Fixed chargee per 100 feet of pipie line, per 1000 
Iba. of steam delivered, for a load factor of 100% 

K* 

Mean Mean | Mean 

Pressure ! Pressure j Pressure 

-20 lbs. } —50 lbs. ! =-100 lbs. 
per sq. inch per sq. inch! per sq. inch 
absolute absolute l absolute 

w— 0.0498 w=-0 1175 1 w- 0.2258 

Mean 
Pressure 
=200 lbs. 
per sq. inch 
absolute 
w=0.487 

— 

3 

761.6 

15.5 

n 

j O.l^ 

0.082c 

0.0590c 

0.0424c 

4 

1 1088.9 

j 32.5 

1 0.086 

0.0.=156 

0.0400 

0.0288 

5 

1481.0 

60.0 

i 0.063 

0.0411 

0.0298 

0.0214 

6 

1918.5 

97.0 

1 0.050 

0.0330 

0.0238 

0.0171 

8 

1 2500.0 

195.0 

1 0.0328 

0.02135 

0.0154 

j 0.0110 

10 

3200.0 

350.0 

1 0.0234 

0.01.52 

0.0110 

! 0.00788 

12 

4500.0 

550.0 

i 0.0190 

. J 

1 0.0125 

0.0090 ! 

j 0.00647 


HEAT LOSSES 

The heat losses from a j»ipe line, as has been stated, \ar> with 
the size of the line, the temperature difference between the pipe and the 
surrounding air, and the cfFicienc>' of the pipe covering. The heat loss 
f rom a bare pipe may be expressed as follows : 

Heat Loss (bare pipe) = C A (T^ - T. ) (5) 

where 

C == coefficient of heat transfer, b.l.u. per sq. ft., per hour, 

A = outside surface area of the pipe, in sq. feet, 

T* = temperature of the steam, deg. F., 

T« = temperature of air surrounding pipe, deg. F. 

If the efficiency of the pipe covering used, be denoted by “K”, the heat 
loss from the covered pipe will be given by 

Heat Loss (covered pipe) = C A (Tk — T.) (1 — E) (6) 

Since in most applications of steam, in heating work, only the latent 
heat of the steam is considered as being available, the losses expressed in 
pounds will be 

C A (T« T.) (1 -- E) 

Loss in pounds of steam = (7) 

(covered pipe) L' 

where L' = the latent heat of steam at the pressure of transmission 
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Assuming that standard SS% Magnesia covering is used, allowing “A” 
to be the area of one linear foot of pipe, then (C A)==C will be the 
loss per linear foot of bare pipe, per degree difference in temperature 
between steam and the surrounding air. Substituting this in Equation 
(7) gives, 

C (Tk --- T.) (1 E) 

Loss in pounds of steam = (8) 

(covered pipe) V 

The annual loss for 100 feet of pipe and 100% load factor will be 
given by the following relation : 

365 X 24X100 C' (T. T.) (1 -- K) 

Annual loss in pounds = (9) 

1 / 


When the market value of steam is $1.00 per 1(X)0 pounds, the los*? 
per year, in dollars, will be 

365 X24X100X1XC' (T.--T.) (l.-^-E> 

Annual Loss, dollars ~ 

1,000 L' 

- 875C' (l--E)/i; (10) 

Obtaining the > early capacity <jf the pipe line from Equation (2) and 
di\iding Equation (10) by this yearly capacity, gives the loss per 1000 
jiounds of steam delivered. 


l.oss in 1,000 pounds of 8/5 C' ( T. — ) ( 1 — E) 1,000 

steam delivered, dollars = ----- - - - 

I' w 

365X24 X60 X 60 K' L' 

1 L 

00278C' (Ts- T„) (1 - E) 

^ (in 

V V w 

K.' 1 / 

I E 


-Assuming, as before, the \alne of P/l, 0,01 and that the tempera- 
ture of the air sunounding the pi]>e is 80° Eahr and si>l\ing Kquati(»n < 11 ) 
with different \ allies of the mean densiu the results shown in Table 

IV^ are fibtained 


8 



TABLE IV 

Louet in Cents per Pounds Steam Delivered for 100 Feet 
Pipe Line 100 Per Cent Load Factor 


Pipe 

8ise 

(T,— T,)C* 

(1— E) * 

K' 

Vw 

L' 

Loss per 
1000 lbs. 
Steam, in 
Cents 

Mean Pressure of Transmission 20 

lbs. per sq 

. in. Absolute, T/-'228® 

F. 

3 

330.1 

0.1946 

15-5 

r 

0.2235 

960 

0.535c 

4 

424.2 

0.1746 

32.5 



0.295 

5 

523.8 

0.1671 

60.0 



0.1888 

6 

623.9 

0.1625 

97.0 



0.1352 

8 

812.5 

0.1459 

195.0 



0.0785 

10 

1014,1 

0.1421 

350.0 



0.0535 


1203.0 

0.1230 

550.0 



0.0352 

Mean Pressure of Transmission 50 lbs. per sq. in.. Absolute. T^— 281 

op 

3 

488.8 

0-1790 


0 343 

923.5 

0.495c 

4 

627 9 

0.1601 




0.271 

5 

775.5 

0.1542 




0.175 

6 

923.7 

0.1499 




0.125 

8 

1203.0 

0.1340 




0.0725 

10 

1501.5 

0.1306 




0.0445 

12 

1780.0 

0.1125 




0.032 

Mean Pressure of Transmission 100 lbs. per sq. in. Absolute, T,=327.8® F. 

3 ' 

676 3 

0.1651 


0.476 

880.0 

0.4735c 

4 

868.8 

0.1478 




0.2590 

5 

1073.0 

0.141b 




0.1658 

6 

1278.0 

0.1379 




0.1210 

8 

1664.5 

0.1234 




0.0693 

10 

2077.5 

01204 




0.0468 

12 

2465.0 

0 1037 


1 


0.0304 


(Continued on next page) 

The values of "K*' used above are the commonly accepted values of Magnesii 
covering. 
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TABLE IV. (Confd.) 









Pipe 

Sise 

(T,~T.)C^ 

(1— E) * 

K' 

Vw 

L' 







1 Cents 


MeAiL Pressure of Trsnsmission 200 lbs per sq. in. Abeohite, F. 


3 

896.8 

0.1525 


0.663 

843.2 

— 

0.4380c 

4 

1152.1 

0.1364 




0.2410 

5 

1423.0 

0.1306 




0.1.^38 

6 

1604.9 

0.1274 




0.1108 

8 

2207.3 

0.1140 i 

1 

i 



0.0642 

10 

2275.0 

0.1100 




0.0430 


3266.0 

0.09S4 




0.0281 


The losses, as given in Table IV, have been plotted against the nomi- 
nal diameter of the pipe, as shown in Figure 2. 

Combining the values of fixed charges from Table III, with the hisses 
from Table IV, gives the total charges, per 1000 pounds of steam delivered, 
for a pipe line 100 feet long. These values are shown in Table V and are 
the basis for the plotting of Figure 3. 


TABLE V 

Total Delivery Charges per 1000 Pounds of Steam Delivered through 
A Pipe Line 100 Feet Long 


Pipe Sise 

1 Fixed Charges i 

Losaes | 


Mean Pressure of Transmission 20 lbs. 

per sq. in.. Absolute. 

3 ^ 

1 0.126c 

! 

0.535c 

0.661c 

4 

.086 

.295 

.381 

5 

.063 

.1888 

.2581 

6 

.050 

1 .1352 

.1852 

8 

.0328 

.0785 

.1113 

10 

.0234 

.0535 

[ .0769 

12 

1 .0190 

X)3S2 

.0542 


(Continued on next page) 
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TABLE V (ContU) 


Pipe 81 BO 

1 Fixed Charges { 

Losses 1 

Total Delivery ' 

Charges 

Monn ProBtnro of TranuniMlon 50 Ibg. ; 

per sq. in., Absolvte. 


3 

0.082 

1 1 

1 0.495 ! 

0.5570 

4 

.0556 

i -271 ! 

.3266 

5 i 

.0411 

i -175 

.2161 

6 

.0330 

i .125 

.1580 

® i 

.02135 

! .0725 

.0938 


.0152 


.0597 

12 

.0125 

.0320 

.0445 


M#»n Pr«Mur« of Tronuniition 100 Ibi. per eq. in., Absolute. 


3 

1 0,059 

■ ■ 

0.4735 

0.5325 

4 

! .040 

.2590 

.2990 

5 

j .0298 

.1658 

.1956 

6 

j .0238 

.1210 

.1448 

8 

1 .0154 

.0693 

.0847 

10 

j .0110 

.0468 

.0578 

12 

1 .0090 

.0304 

.0394 

Mean Pressure 

of Transmission 200 lbs per aq. in., Absolute. 

3 

! 0.0424 

0.4380 

r 

0.4804 

4 

1 .0288 

.2410 

.2698 

5 

j .0214 

.1538 

.1752 

6 

1 .0171 

.1108 

.1279 

8 

j .0110 

.0642 

.0752 

10 

j .00788 

.0430 

.0509 

12 

j .00647 

.0281 

.0346 


Figure 4 is a reproduction of a steam flow chart for the well known 
Babcock formula. This chart was designed by Dean H. V. Carpenter and 
was published in Power, Dec. 17, 1912. From this chart, the necessary 
size of pipe, for any case, may be determined when the mean pressure of 
transmission, the allowable drop in pressure, and the load in pounds of 
steam per minute are known. 
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Inside Die(m«+rr of Pipe, fnchee 
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USE OP CHARTS 


In order to illustrate the use of the charts, assume that it is desired 
to determine the relative costs of transmitting steam under the following 
conditions : 

(1) Steam to he transmitted at 20 pounds per square inch, mean 
pressure. 

(2) Steam to be transmitted at 100 pounds per square inch, mean 
pressure. 

Assume that the maximum load on the line is to be 500 pounds of 
steam per minute and that a terminal pressure of 17 pounds per square 
inch absolute is required. The line to be 2000 feet in length. 

Solution : Case ( 1 ) 

The pressure at the mid-point of the line will be the mean pressure, 
or twenty (20) pounds, gi\ing an allowable pressure drop, per 100 feet of 
line, (20— 17)/10=0.3 lbs. 

The si7C of the pipe, from Figure 4., to deliver 500 pounds of steam 
per minute, with the prcs.sure drop of 0.3 lbs per 100 feet, is found to be 
12-inch 

The delivery charges, per 1000 pounds of steam, for 100 feet of pipe 
line are determined from Figure 3. Enter the chart at the 12-inch pipe 
size, on lower horizontal scale, pass vertically upward to the 20 pounds 
per square inch mean pressure line and then horizontally to the right 
hand scale. The total deli\cry charges are 0 0545 cents per 1000 pounds 
of steam delis ered, on the basis of 1 innind pressure drop per 100 feet of 
pipe. This must now' be corrected to the basis of 0 3 lbs pressure drop per 
100 feet of line. 

To obtain the “Correction Factor,” enter the chart. Figure 3., at the 
0.3 point on the scale of pressure drops, pass \crtically upward to the 
pressure drop correction curve, thence horizontally to the left hand scale. 
The correction factor is 1.83. 

The total delivery charges for this case arc. 

Total Delivery Charges = 1.83 X 0.0545 

= 0.0995 cents per 1000 pounds of steam de- 
livered, at 20 lbs. mean pressure, per 100 
feet of pipe line. 
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Solution : Case 2. 


There are two possible conditions of transmission under this case 
which need to be considered. 

(1) The steam may be transmitted under a mean pressure of 100 
pounds per square inch, allowing the same pressure drop per 100 feet as 
in Case 1, and then use a throttle valve at the delivery end to obtain the 
required 17 pounds pressure. 

(2) Advantage may be taken of the higher pressure to obtain a 
greater pressure drop per 100 feet, thus using up the pressure in friction, 
and so obtaining the desired 17 pounds pressure at the delivery end. 

Considering the first of these conditions, from Figure 4, it will be 
found that a 10>inch line will be required to transmit 500 pounds of steam 
per minute at a mean pressure of 100 pounds per square inch, with a 
pressure drop of 0.3 pounds per 100 feet. 

From Figure 3, the delivery charges will be 0.057 cents per 1000 
pounds of steam delivered, per 100 feet of line, for a pressure drop of I 
pound per 100 feet of line. The correction factor will be the same as in 
Case 1, namely, 1.83, so that, 

The total delivery charges = 1.83 X 0.057 

= 0.1042 cents per 1000 pounds of steam 
delivered, at 100 lbs. mean pressure, 
per 100 feet of pipe line. 

When the second condition obtains the possible pressure drop will be 
(100 — 17) /lO = 8.3 lbs. per 100 feet of pipe line. 

From Figure 4, a 5-inch line is indicated. 

From Figure 3, the delivery charges arc 0.195 cents per 1000 pounds 
of steam delivered, per 100 feet of line, for a prc8.sure drop of 1 lb. per 
100 feet. The correction factor is 0.345. Then, the total delivery charges 
for a pressure drop of 8.3 lbs. per 100 feet of pipe line, will be 

The total delivery charges = 0.345 X 0.195 

= 0.0672 cents per 1000 pounds steam de- 
livered, per 100 feet of pipe line, at 
100 lbs. mean pressure, and 8.3 lbs. 
pressure drop. 
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Delivery Charge^ Load Factor less than 100 Percent 

For a load factor other than 100 percent, there are three conditions 
under which the delivery charges need to be considered, namely, 

(1) The line in operation 100 per cent of the time hut carrying less 
than maximum load. 

(2) The line in operation less than 100 percent of the time but car- 
rying the maximum load while in operation. 

(3) The line in operation less than 100 percent of the time and 
carrying less than the maximum load while in operation. 

The first two of these, only, will be considered here. 

As an example consider the 12-inch and the 5-inch lines of the j)re- 
vious problem to be operating at 50 percent load factor, other conditions 
as before. 

Solution: Condition (1) 

The steam flow in this case will be one-half of the maximum, or 
250 imunds per minute. The yearly fixed charges will be the same as 
for the 100 percent load factor. The losses, due to the different mean 
pressure of transmission, will be somewhat different than those for 1(X) 
percent load factor. However, this difference will be negligible*, so 
that the delivery charges per 1000 pounds of steam delivered will be 
double those for 100 percent load factor. 

Delivery charges, 12-inch line = 2 X 0.0995 

= 0.199 cents, per 1000 pounds of steam 
delivered, per 100 feet of pipe line. 

Delivery charges, 5-inch line ^ 2 X 0.0672 

= 0.1344 cents per 1000 pounds of steam 
delivered, per 100 feet of pipe line. 


Solution : Condition (2) 

The average flow for this case will Ik 500 pounds per minute. The 
fixed charges, per 1000 pounds of steam delivered, will be double those 
for the case of 100 percent load factor, while the losses, per 1000 pounds 

* See appendix, page 19. 
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of steam delivered^ vvitl be the same as in the case of 100 percent load 
factor. 

For the 12-inch line, from Figure 1, the fixed charges are 0.019 
cents, per 1000 pounds of steam delivered, per 100 feet of pipe line, for 
1 pound pressure drop per 100 feet of line. The correction factor is 
the same as before, namely, 1.83. 

Fixed Charges (100% L. F.) = 1.83 X 0.019 

= 0.03477 cents per 1000 pounds of steam delivered, per 
1(X) feet of pipe line, for a pressure drop of 0.3 
pounds per 100 feet of line. 

The losses, from Figure 2, arc 0.0354 cents per 10(X) pounds of steam 
delivered, per 100 feet of line, for a 1 pound pressure drop. The losse*^ 
for a 0.3 pound pressure drop are, then 

Losses (100% L. F.) = 1.83 X 0.0354 

= 0.06478 cents per 1000 pounds of steam delivered, per 100 
feet of line, for a pressure drop (»f 0.3 pounds per 100 
feet. 

The fixed charges, per 1(X)0 pounds of steam deliwrcd, for a 50 per- 
cent load factor will be, 

Fixed Charges (50% L. F.) = 2 X 0.03477 

= 0.06954 cents per 10(X) pounds of steam delivered 
per 1(X) feet of line. 

The losses, per 1000 pounds of steam delivered, for a .^0 percent load 
factor will be the same as for the 1(X) percent load factor. 

Losses (50% L. F.) = 0.0(>478 cents per KKX) pounds of steam de- 
livered, per 100 feet of line. 

The total delivery charges will then be, 

Delivery Charges = Fixed Charges + I.,osses 
= 0.06954 + 0.06478 

= 0.13432 cents per KKX) pounds of steam delivered, 
per 100 feet of line, at 20 lbs. mean pressure 
and 50 per cent load factor. 

For the 5-inch line, from Figure 1, the fixed charges are 0.0295 cents, 
per thousand pounds of steam delivered, per 100 feet of pipe line, for a 
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pressure drop of 1 pound per 100 feet of line. The correction factor is 
the same as in the previous problem, or 0.345. 

Fixed Charges (100% L. F.) = 0.345 X 0.0295 

= 0.010177 cents per 1000 pounds of steam delivered, 
per 100 feet of pipe line, for a pressure drop of 
8.3 pounds per 100 feet of line. 

The losses, from Figure 2, are 0.168 cents per 1000 pounds of steam 
delivered, per 100 feet of pipe line, for a 1 pound pressure drop per KM) 
feet of line. The losses for a 8.3 pounds pressure drop are, then : 

Losses (100% L. F.) = 0.345 X 0.168 

= 0.05796 cents per 1000 pounds of steam delivered, per 100 
feet of line, for a pressure drop of 8.3 pounds per 100 
feet of line. 

fixed charges, per 1000 pounds of steam delivered, for a 50 per- 
Tint load factor, will be 

Fixe<l Charges (50% L. F.) = 2 X 0.010177 

= 0.020354 cents per 1000 pounds of steam delivere<l, 
per 100 feet of line. 

The losses, per 1000 pounds of steam delivered, for a 50 percent load 
factor, will be the same as for a 100 percent load factor, namely 

Losses (50% L. F.) = 005796 cents per 1000 pounds of steam dcliv> 

cred per 100 feet of line. 

The total delivery charges will then be. 

Delivery Charges (50% L. F.) = Fixed Charges i- Losses. 

= 0.020354 + 0.05796 

== 0.07831 cents per 1000 pounds of steam delivered, 
per 100 feet of line, at 1(X) pounds mean pres- 
sure and 50 per cent load factor. 
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TABLE VI 


Hean 

Pressnre of 
TransmSasion 
lbs. 80 . in. 
Absolnte 

Load 

Factor 

Pressure 
Drop in 
Pounds, 
per 100 
Feet of 
Line 

Pipe Sise 
Required 

Delivery Charges per 1000 lbs. of 
Steam Delivered per 100 feet of 
Pipe Line. 

Fixed 

Charges 

Losses 


1 

20 lb. 

1 1 

100% 

! ! 

1 0.31b. 

) 

1 12" 

1 0.034;7c ' 

1 

0.06478c 

1 

0.0995SC 

100 Ib. 

100''/? 

0.3 lb. 

I 10" 

0.020496c 

0.080.S2C 

0.101016c 

100 lb. 

100% 1 

1 

8.3 11). 

1 

0.010177c 

0.05796c 

0.068137c 

20 lb. 

50%* 

0.31b. 

12" 

0.06954c 

0.06478c 

0.13432c 

100 lb. 

50 %* 

8.31b. 

5" 

0.020354c 

1 

P 

1 

0.078314c 


CONCLUSION. 

From the above examples, the results of which are tabulated in 
Table VI, it is seen that the transmitting of steam at high pressures, when 
the pressure drop per one hundred feet is the same as for the low pres- 
sure line, is more costly than the use of low pressures This is due to the 
fact that the greater heat loss from the high pressure line more than off- 
sets the somewhat lower cost of the line. If, however, the greater pressure 
is used up in overcoming friction in a smaller line there is a saving, in 
the case of the example above, of approximatcl> SOVt in transmission 
charges for conditions of 100% load factor. The saving is even greater 
when the load factor is less than 100% ; for example, the total charges 
for the 5-inch line operating at a 50% load factor are 0.07831 cents per 
1000 pounds of .steam delivered, while for the 12-inch line the charges arc 
0.13432 cents per 1(X)0 ])ounds of steam delivered. This is a saving of 
.05601 cents per 1000 pounds of steam delivered or .05601/.13432 or 41.6% 
in favor of the high pressure transmission, even under conditions of .50% 
load factor. 

Extreme accuracy is not claimed for the diagrams, but it is hoped 
that they may be of service in shortening the labor of determining the 
relative costs of transmission of steam under various conditions of 
service. 


* Line in ufi« less thnn 100 percent of the time hnt carrying maximum load while 
in operation. 
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APPENDIX 


In problem 1, for the 5-inch line, the initial pressure would be 
100 + 8.3 X 10 = 183 pounds per square inch absolute. 

The pressure drop in this line will vary with the square of the weight 
of steam flowing (w*) and inversely with the density (d). 

As an approximation assume it to vary with w% the mean density not 
changing. Then when this S-inch line is carrying 250 pounds per minute, 
the pressure drop will be: 

Pressure drop = 8.3 X (250/.S00)* 

= 2,075 i)ounds per 100 feet of line. 

The initial i)ressure remaining the same, the mean pressure of trans- 
mission will be; 

VIcan pressure = 183 — 2.075 X 10 

= 162.25 pounds per square inch absolute. 

From Figure 4, for a 5-inch line carrying 250 ])ounds, and a mean 
pressure of 162 pounds, the pre.ssure drop is 1.5 pounds per 100 feet of 
line. 

As a scermd approximation assume the pressure drop to be 1.5 pounds 
per 100 feet, then 

Mean pressure = 183 — 1.5 X 10 

== 168 pounds per square inch absolute. 

Again, from Figure 4, for a 5-inch line carrying 250 pounds of steam 
per minute, and a mean pressure of 168 pounds, the pressure drop is 1.45 
pounds per UX) feet of line. This is siifficientK close to the approxi- 
mation that the mean pressure may be taken as approximately equal to 
170 pounds per square inch absolute. 

From Figure 2 the losses for a 5-inch line at a mean pressure of 170 
pounds per square inch absolute are 0164 cents per 100 pounds of steam 
delivered per 100 feet of line. 

From the same diagram the losses for a 5-inch line at a mean 
pressure of 100 pounds per square inch are 0.17 cents per 10(X) pounds of 
steam delivered. This is a difference in losses of 0.17 — 0.164 = 0.006 
cents per 1000 pounds of steam delivered, or an error of 0.6 of 1^ in 
assuming no change in losses at load factor. 
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Installing the runnf>r in a large steam turbine. Exhaust steam from such turbines 
is often used for district, or institutional heating. 
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APPLICATION OF STELLITE TO 
AGRICULTURAL TOOLS 


By G. E. Thornton and C. C. Johnson * 


INTRODUCTION 

Plowing in the Palouse Country in dry seasons has been hamp* 
crccl to a great extent by the excessive wearing away of the plow 
shares. This excessive wear necessitates the sharpening of the shares 
at the end of a run of from four tf) eight hours duration 

In looking for a remedy for this condition it was decided to 
try the application of Stellite to the cutting edge of the share and in 
this way increase its cutting life 

vstcllite is a very hard alloy which can be fused to other metal 
without affecting the characteristics of the Stellite* It is a ternary 
alloy of chromium, cobalt, and tungsten The No. 1 grade is usually 
used for Stelliting plow' shares. After being applied the Stellite 
forms a thin, hard edge on the share which resists the abrasive 
action of the hard, dry soil. 

These experiments were made in order to determine if the appli- 
cation of Stellite would really be profitable when applied to the 
cutting edge of farm tools such as pknv shares, cultivator shovels, 
harrow teeth, di^c blades, etc. For this purpose, comparison has 

* The authorfs are greatly indebted for aaeiatanee and Miggestions a^ given by 
Mr. George Lommaaaon, Instructor in Welding at the State College who 
applied the Stellite, and by Mr. E. E. King, Mr. Gordon Kleingard, and Mr. 
Roy Wiggins, all fanners in the Palouse country who aided in carrying out 
these experiments. 

NOTE: This experiment is to be continued during the summer fallow season of 
19S0. Definite figures will be determined for economy, resulting from saving 
of time on share changing, wear, sharpening, and from the saving reflected 
in the amount of gas and oil used in the tractor due to less draw bar pull 
required for the Stellited share over that required for the share which has 
not been Stellited and after it has w'om blunt. 

The results obtained from the Stelliting of harrow teeth and from Stelliting culti- 
vator shovels will also be determined in this further study. 
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Figure 1 

Rig No 1 One four-bottom and one five-bottom fourteen-inch John Deere Gang 



Figure 2 

Rig No. 2. Four-bottom, sixteen-inch Oliver Gang. 
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been made, in two ways, of the life of treated and untreated tools. 
First, a graphic outline of the edge of a plow share was made before 
and after using. This was done with treated and untreated shares 
working in the same gang plow. Second, the wear was measured by 
determining accurately the loss of weight in each plow share due to 
wearing away of the metal. , 

The actual economy resulting from treating shares is determined 
by the saving in cost of sharpening, time lost due to share changes, 
trips to the shop for sharpening, etc. Considerable saving in gas 
when tractors are used has also been noticed. 



Figure S 

Rig No. 3. P^ivo-bottom, fourteen-inch John Deere Gang 



METHOD 


The method ot carryinj^ on this experiment was to equip the 
same plowing rigs already in the field with both the treated and 
untreated shares. Treated shares are the ones to which the Stellite 
has been applied while the untreated .shares are those which have not 
been Stellited and which were sharpened according to present cust»)m. 

Three plowing rigs pulled with tractors were used in these 
experiments, one five-bottom, fourteen inch John Deere, one four- 
bf)ttom, fourteen-inch John Deere, and one four-bottom, sixteen- 
inch Oliver. The five-bott<vm John Deere was equipped with five- 
Stfllited shares while the four-bottom plows were each equipped with 
two Stellited shares and two shares not Stellited. 

Each share on the plow used traveled the same distance and 
plowed the same amount of ground. When the untreated shares 
were removed for sharpening the treated shares were also removed 
so that the amount of ground plowed wotild lie the same. 

The ground in which the experiments were iierformed was stubble 
land which had been in crop this la.st season. This land was dry and 
in many .spots hard so that condition.s were tho.se usually found in the 
Palousc country in a very dry season. 

The acreage plowed by each rig was measured by means of a 
revolution c(»iinter attached to the land wheel of the plow. Knowing 
the diameter of the wheel and the revolutions made by the w^heel in 
the test the distanc'^ traveled by the plow could be determined. Thi.s 
distance multiplied by the cut of the plow gave the amount of land 
plowed. 

This arrangement w<.»rked very successfully since the ground was 
dry and there was practically no slip to the land wheel. The counter 
was mounted within the wheel and protected from dirt and stubble 
so that it.s action was positive and accurate. 

The results of this experiment may be shown in two ways: first, 
by the graphic outline method; and second, by an economic analysis 
showing the saving of money to the farmer. 
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Figur« 4 

Hovoluti<»n counter, with cover removed, on land wheel. 
Note ' Picture taken after rainy season bad benun. 


In the graphic method the outline of the shares was taken on 
paper for each group of shares. Group No. 1, consisting of four 
John Deere steel shares, is shown in Figure 5. No. 1 and No,2 of this 
group were treated with Stellite and No. 3 and No. 4 were used as re- 
ceived from the manufacturer. The full line outline indicates the share 
before the test was begun. The dashed line outline indicates the 
same after the test had been completed. This test was a run of 
twenty-seven hours in stubble land which included a number of hard 
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Figure 6 

Outline drawing of four fourteen-inch John Deere eharee before and after plowing 
27 hours. Photograph was made of the full else drawing. 


dry clay hill tops. The order of placing the shares on the plow was 
as follows: No, 1 at the front end of the plow, then No. 3, No. 2, and 
No. 4. 

The metal worn away on the shares was barely noticeable on No. 1 
and No. 2, but No. 3 lost eight ounces and No. 4 lost nine ounces of 
metal in the twenty-seven hour run. 
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Figure 6 

OntUne drawing of four sixteen-inch OUver Shares before and after plowing 80 
ecree of stubble lend. 


Figure 6 shows four Oliver sixteen-inch shares after completing 
a run of 59^4 hours. In this time the plow had turned over 80 acres 
or an average of 20 acres per share. The ground in which this plow 
operated was dry stubble land. Shares No. 6 and No* 8 were given 
an application of Stellite while No. 5 and No. 7 were untreated. 
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Figure 7 

Outline drawing of five fourteen-inch John Deere shares before and after plowina 
100 acres of stubble land. 


No. S and No. 7 were removed for sharpening after the rig had plowed 

28 acres, or 19 hours, and were again put in service with the Stellited 
shares. 


10 




The metal worn away on this test was not determined because of 
the effect of sharpening shares No. 5 and No 7. 

Figure 7 shows five fourteen-inch John Deere shares, all of which 
had been treated with Stellite. Before the Stellite was applied, the 
edge of the share was drawn out and the point drawn out and 
knocked down so as to present a thinner cutting edge to the ground 
during the plowing operation. As before, the full line outline repre- 
sents the share before commencing plowing and the dashed line out- 
line after the test had been completed. The way in which the point of 
the plow is protected by the Stellite is shown in Figure 7. 

DATA 

Rig No. 1. One four-bottom fourteen-inch John Deere Gang. 

Steel Shares 

Share No. Treatment Remarks 

1. Stellited Lo.st less than onc-half ounce. 

2. Stellited Lost less than one-half ounce. 

3. Not Stellited Lost nine ounces. 

4. Not Stellited Lost eight ounces. 

Total acreage plowed 50 acres. 

Duration of run 27 hours. 

Note: All shares were removed as soon as shares No. 3 and 
No. 4 required sharpening so that a comparison could be made 
of the amount of metal worn away. 

Rig No. 2. One Five-l)Ottoin fourteen-inch John Deere Gang* 

Soft center shares 

Share No Treatment Remarks 

5. Not Stellited Removed for sharpening after 

19 hours run. 

6. Stellited Good cutting edge left after 

80-acre plowing test. 

7. Not Stellited Removed for sharpening after 

19 hours run. 

8. Stellited Point slightly chipped but 

remainder of edge good 
after 80-acre plowing test. 

.Total acreage plowed 80 acres. 

Duration of run 59.5 hours. 
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Rig No. 3. 


One four-botton. sixteen-inch Oliver Gang. 


Steel shares. 


Share No. 

Treatment 

Remarks 

9. 

Stellited 

Cutting edge on all shares in 

10. 

Stellited 

excellent condition after 

11. 

Stellited 

100-acre plowing test. 

12. 

Stellited 


13. 

Stellited 



Total acreage plowed 100 acres. 

Duration of run — not determined 

In arriving at the saving which resulted from the application of 
the Stellite several variables entered into the consideration which will 
make the final conclusion rather flexible.* Each farmer puts a certain 
value on the operation of the plowing rig which he is using. If that 
rig is laid up for repairs or sharpening of shares the loss of time 
necessarily results in a different value depending on the value of the 
rig per day to the owner. From $2.50 to $3.00 is considered an aver- 
age value per day- ' 

The cost of sharpening shares was standard, varying from forty 
to sixty cents between a fourteen- and a sixteen-inch share 

In reaching a final conclusion, the average cost of operation per 
hour for the tractor and the cost of sharpening must be taken into 
consideration. Average operations this season called for sharpening 
the shares at the end of every day’s run. 

Such things as saving of fuel and oil for the tractor were not 
determined, but it was noticeable that the tractive effort required 
for the dull share was in excess of that required for the Stellited share. 

CONCLUSION 

In conclusion it will be well to mention the views of several 
prominent farmers of this region who have used the Stellited shares 
in the fall plowing season of 1929. 

Mr. Gordon Klemgard, Pullman, Washington, operator of Rig No. 1. 

''Certainly is a wonderful help to the farmer in dry land plowing. 
I am certainly sold on the proposition.” 
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Mr. E. E. King, Pullman, Washington, operator of Rig No. 2. 

“Certainly saves time in share changes and results in a saving of 
gas and oil in the tractor. Would be interested in determining just 
what saving is made in gas and oil.” 

Mr. Roy Wiggins, Colton, Washington, operator of Rig. No. 3. 

‘*So far have plowed 100 acres of tough land with one application 
of Stellite and the shares are still good for 100 or 200 acres more.” 

APPLICATION OF STELLITE 

The technique involved in the application of the Stellite to the 
cutting tools is not complicated and can be performed after a little 
practice by any mechanic familiar with the operation of an oxy- 
acetylene torch. 

In applying the Stellite, precautions should be used to prevent 
burning the thin edge of the plow share. The share should be heated 
for a short distance, from 1J4 to 1% inches, back from the cutting 
edge as the application of Steelite proceeds from the heel to\^ard the 
point. Heat back from the edge of the share first, and work out toward 
the cutting edge, interposing the Stellite rod between the flame of the 
torch and the cutting edge of the share as the edge is approached. 
This scatters the flame and prevents burning the edge. Sec Figure 8 

Sufficient Stellite should be provided in a single rod so that the 
operation may be completed without allowing the share to cool off- 
If cooling is permitted the cutting edge is checked at the point where 
operations cease and after a short time a crack will develop per- 
pendicular to the cutting edge at this point. 

The amount of Stellite applied to each share varies from three 
to seven ounces for the fourteen-inch share. Better results are ob- 
tained with the unhardened steel share than with the hardened or 
soft centered shares. With the two types last mentioned the ap- 
plication of the Stellite is accompanied by warping unless the share 
is gripped along the back edge in a long jawed vise. 

When the ground is dry and hard the Stellite should be applied to 
the under surface of the share. For spring plowing or plowing in 
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Figure 8 

Bottom view of share after being Stellited 




Figure 9 

Applying Stellite to bottom surface of plow share 
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Figure 10 

Applyjnf? Stellite to point of share and building it out over point with the aid of 
carbon blocks. 
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moist, mellow ground, it may be applied either on the top or the 
bottom surface along the cutting edge. 

In most cases the share when new should be drawn out on the 
edge and the point knocked down before the Stellite is applied. The 
preparation of the point is of special importance in order to main- 
tain the “suck’' of the share into the ground. The Stellite should be 
applied to both the top and bottom surface of the point, and also 
on the land side for a distance of about two inches back from 
the point. 

The Stellite should be built out over the point so as to present a 
complete Stellited cutting edge. This building out of the Stellite 
over the point may be accomplished by means of a carbon block to 
which the Stellite does not adhere. The point of the share is rested 
upon the block as shown in Figure 10- The point is heated and the 
Stellite worked down over the point with the Stellite rod. If scale 
appears on the surface of the metal it can be removed with a file 
which should be placed on the bench within easy reach. 

Note: 

Haynes Stellite, the special vise for holding the plow shares, and 
the carbon block can be obtained fro*m the Haynes Stellite Company 
of Chicago or from the Linde-Oxweld Company of Seattle, Washing- 
ton c»r elsewhere. 
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Engineering Bulletins 

Published by the Engineering Experiment Station 
State College of Washington 


1. Sewage Disposal for the Country Home. (Out of Print.) 

By O. L. Waller and M. K. Snyder, March, 1914, July, 1916. 

2. How to Measure Water. 

By O. L. Waller, October, 1915, Reprint 1925 (Revised and Reprinted 
as part of Engineering Bulletin No. 20.) 

3. Water Sujmly for the Country Home. (Out of Print.) 

By M. K. Snyder. See Engineering Bui. No’s 9, 10, and 11. 

4. Construction and Maintenance of Earth Roads. 

By L. V. Edwards, April, 1916. 

5. Cost of Pumping Water. Reprinted as Extension Bulletin No. 103 
By O. L. Waller, August, 1916. 

6. Fuel Economy in Domestic Heating and Cooking. 

By B. L. Steele, December, 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 

8. Use of Ropes and Tackle, Illustrated. 

By H. J. Dana and W’. A. Pearl, December, 1921. 

9. Well and Spring Protection. ♦ 

By M. K. Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M. K. Snyder, February, 1922. 

11. Farm Water Systems. 

By M. K. Snyder and H. J, Dana, January, 1923. 

12. Commercial and Economic Efficiency of Commercial Pipe CM\orings. 
By H. J. Dana, 1923, 

13. Critical Velocity of Steam With Counter-Flowing Condensate. 

By W. A. Pearl and Eri. B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. By H. J. Dana, December, 1923. 

15. A New Stationary Type Laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September. 1924. 

16. Relation of Road Surface to Automobile Tire Wear. Fir.st Progress 
Report. By H. V. Carpenter and H. J. Dana, January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear. Second Progress 
Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wc^lv, lliird Progress 
Report.. By H. J. Dana, October, 1926. 

19. Rythmic Corrugations in Highways. First Progress Report. 

By H. V. Carpenter and H. J. Dana, February, 1927. 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March, 1927. 
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21. Magnetic Nail Picker for Highways. 

By H. J. Dana, August, 1927, 

22. Spr^ Residue and Its Removal From Apples. 

By F. D. Heald, J. R. Nellcr and F.L Overeley of the Agricultural 
Experiment Station in Cooperation with H. J. Dana. 

23. Survey of Fruit Packing Plants, ($2.00 each) 

By H. J, Dana, December 1927. 

24. Survey of Fruit Cold Storage Plants. (Out of Print) ! 

By H. J. Dana, March 1928. 

25. An Kxtensometer and Compressometer of the Hydro-static Type. 
By H. H. Langdon, October, 1928. 

26. A Survey of Fruit and Cold Storage Plants in Central Washington. 
By H. J. Dana, December, 1928. 

27. The Automatic Underfeed Coal Stoker for Domestic Heating. 

By Homer J. Dana, April, 1929. Second Edition, October, 1929. 

28. Imoprtance of Preleminary Ore Analysis by Means of the Stereo- 
scopic Binocular Microscope. By Arthur E. Drucker, April, 1929. 

29. Short Wave Transmitter Design. 

By David H. Sloan, September, 1929. 25c postpaid, 

30. The Elasticity of Concrete. 

By Howard H. Langdon, January, 1930. 

31. Rhythmic Corrugations in Highways. Second Progress Report. 
By Homer J. Dana, January 1930. 

32. The Economical Distribution of Steam in District Heating. 

By A. C. Abell, February, 1930. 

33. Application of Stellite to Agricultural Tools. First Progress Report, 
By G. E. Thornton and C. C. Johnson, September, 1929. 


19 





I niie State College of WasKington 

i Pounded and Maintained 1^ the Kational Ooreminent and the 

s State of Waehlngton 


The work of the State College of Washington Is organised into three 
main groups: Resident Instruetion, Experiment Stations and Extension 
Services. 

THE RESIDENT INSTRUCTION DIVISION includes: 

The College of Agriculture (B.S. and M.S. Degrees) 

With divisions in Agronomy. Animal Husbandry, Dairy Husbandry, 
Poultry Husbandry, Horticulture, Floriculture Landscape Gardening. 
Forestry and Range Management, Plant Patholo|;y, Agricultural 
Engineering, Farm Management, Agricultural JoumaJtsm, Agricultural 
Economics. 

The College of Mechanic Arts and Engineering (B.S., C.E.. E.E., M.E., 
and M.S. Degrees) 

With divisions in Architectural Engineering. Agricultural Engineer- 
ing, Civil Engineering, Commercial Mechanical Engineering. Electri- 
cal Engineering, Commercial Electrical Engineering. Hydro- Electrical 
Engineering, Management Engineering, Mathematics, Mechanical En- 
gineering, Physics. 

The College of Sciences and Arts (B.S., B.A., M.8., and M.A. Degrees) 
With divisions in Chemistry, Chemical Engineering, Agricultural 
Chemistry, Botany, Zoology, Bacteriology. English and Journalism, 
Economics, History, Business Administration, Secretarial Science, 
Foreign Languages, Sociology, Political Science, General, Pre- 
Dentistry, Pre-Medicine, Nurses* Training. 

The College of Home Economics (B.A., B.S., M.A., and M.S. Degrees) 
With divisions in Teachers' Training, Household Administration, 
Institutional Management. ' 

The College of Veterinary Medicine (B.8. and D.V.M. Degrees) 

The School of Mines and Geology (B.S., M.B., and E M. Degrees) 

With divisions in Geology. Mining Geology, Mining. Mine Manage- 
ment, Metallurgy, Metallography, Petroleum Engineering. 

The School of Education (B.A. and M.A. Degrees) 

With divisions in Education, Agricultural Education, Psychology, 
Manual Arts. 

The School of Music and Fine Arts (B.A. and M.A. Degrees) 

With divisions in Harmony. Theory, Voice, Piano, Violin, Pipe- 
Organ, Orchestra, Dramatic Art, Speech, Fine Arts. 

The School of Pharmacy (Ph.C., B.S., and M.S. Degrees) 

The Graduate School (M.A., M.S. and Ph.D. Degrees) 

The Department of Military Science and Tactics 

Including Reserve Officers' Training Corps in Infantry and Engin- 
eering units. 

The Department of Physical Education and Athletics (B.S. and M.S. 
Degrees) 

The Short Sessions 

Including the Summer Session and the Winter Short Courses. 
Address all inquiries to 

THE REGISTRAR, Pullman, Wash. 


THE EXPERIMENT STATIONS: 

The Agricultural Experiment Stations at Pullman, Puyallup, Lind, 
and Prosser. The Engineering Experiment Station at Pullman. 
Address : The Director. 


EXTENSION SERVICE, under the National Smith-Lever Act, is in 
charge of the demonstration and eorrmondenee work in Agriculture, 
Home Economics, Boys* and Girls' Club Work, and County Work. 
Address : The Director. 

The Division of General College Extension gives eorresj^ndence courses 
for college credit, organises extension dasses, supfuies lectures and 
educational motion picture Aims. 

Address : The Director. 


lO 


MAmr DRPABTMEinrS PtJBUSa sfxozal bookxjbtb 




MONTHLY BULLETIN 

OF THE STATE COLLEGE OF WASHINGTON 
PULLMAN, WASHINGTON 

Volume 12 April, 1930 No. 11 

FIRST PROGRESS REPORT 

THE LABORATORY DEVELOPMENT 
OF AN 

Electro-Hydrometallurgical 
Process for 

Copper Flotation Concentrate 

Low Temperature Roasting 
Purification by Neutral Leaching 
Low-Acid Leaching. High-Acid Leaching. 
Counter-Current Decantation and Filtration 
Copper Electrodeposition 
by 

Arthur Eilert Drucker 
and 

Carl Frederick Floe 

ENGINEERING BULLETIN NO. 35 
ENGINEERING EXPERIMENT STATION 
H. V. Carpenter, Director 


Entered as second'clftee metter September 5, ISIS, at the 
poitoffioe at Pullman, Waah., under Act of Aoe. 24, ISIS 



The EKOINESR1N0 EXPERIMENT STATION of the State College of Wash- 
ington was established on the authority of the act passed by the flrst Legislature of 
the State of Washington, March 28, 1890, which established a State Agricultural 
College and School of Science," iknd instructed its commission "to furthar the 
application of the prineiplas of phyMeal aciance to industrial pursuits." The spirit 
of this act has been followed out for many years by the Engineering Staff, which 
has carried on experimental investigations and published the results in the form of 
bulletins. The first adoption of a definite program in Engineering research, with an 
appropriation for its maintenance, was made by the Board of Regents, June 2l8t 
1911. This was followed by later appropriations. In April, 1919, this department 
was officially designated, Engineering Experiment Station. 

The scope of the Engineering Experiment Station covers research in engineering 
problems of general interest to the citisens of the State of Washington. The Work 
of the station is made available to the public through technical reports, popular bul- 
letins, and public service. The last named includes tests and analyses of coal, tests 
and analyses of road materials, testing of commercial steam pipe coverings, cali- 
bration of electrical instruments, testing of strength of materials, efficiency studies 
in power plants, testing of hydraulic machinery, testing of small engines and 
motors, consultation with regard to theory and design of experimental apparatus, 
preliminary advice to inventors, etc. 

Popular bulletins are available as listed on pages 42 and 43, 

Requests for copies of the engineering bulletins an inquiries for information 
on engineering and industrial problems should be addressed to The Engineering 
Experiment Station, State College of Washington, Pullman, Washington. 

The control of the Engineering Experiment Station is vested in the Board of 
Regents of the State College of Washington. 


BOARD OF REOEl^TS 

Hon. Roland H. Hartley, Governor of the State (ex-officio) Olympia 

A. W. Davis Spokane 

Edwin A. Ritz Walla Walla 

P. J. Wilmer Rosalia 

Walter R. Rowe . Naches 

J. H. Hulbert Mt. Vernon 

E. 0. Holland, Secretary Ex-Officio, President State College Pullman 


ENGlNEEBIMa EXPERIMENT STATION STAFF 


E. O. Holland. Ph.D., President 

Homer J. Dana, M.S., M.E., Assistant 
Director. 

R. D. Sloan, E.E., Electrical Applications. 

Harry F. Lickey, B.S., Electrical Stan- 
dardization. 

Ashel C. Abell, B.S., Steam and Auto- 
motive Engineering. 

E. B. Parker, M.S., Mechanical Design. 

G. E. Thornton, M.S., Engineering Ma- 
terials, Heating and Yentilatiug. 

H. H. Langdon. B.S., Steam Power and 
Materials. 

A. E. Drucker, B.S., Mining and Metal- 
lurgy. 


H. V. Carpenter, M.S., Director 

Osmar L. Waller, LL.D., Irrigation and 
Structures. 

Morris K. Snyder, B.S., Municipal and 
Sanitary Engineering. 

Howard B. Phelps, O.E., Highway En- 
gineering. 

Frederic W. Welch, C.E., Topographical 
Engineering. 

Stanley A. Smith, B.S., Arch., Architec- 
tural Engineering. 

L. J. Smith, M.E., Agricultural Engin- 
eering. 

Clare Ohrisman Todd, Ph.D., Chemical 
Engineering. 

B. L. Steele, Ph.D., Physics. 


2 



THE LABORATORY DEVELOPMENT 
of an 

ELECTRO-HYDROMETALLURGICAL PROCESS 

for 

COPPER FLOTATION CONCENTRATE 

By Arthur Eilert Drucker and Carl Frederick Floe 

INTRODUCTION 

The field of application of the hydrometallurgical processes for the 
recovery of metals from their ores has been rapidly expanded in the last 
few years. This has been j)artly due to the fact that the old methods of 
treatment could not be applied economically to the extraction of the metals 
from the more complex and lower grade ores, and partly to the increased 
knowledge of the chemical or wet processes. Cireat improvements in plant 
equipment have also aided materially in the advancement of this method 
of treatment. 

Hydrometallurgical methods for the extraction of copper have been 
largely confined to the treatment of low grade oxidized ores. Some ex- 
periments have been conducted in an effort to apply these methods to 
the treatment of high grade copper sulphides, but in no case has it been 
used on a large commercial scale. In the Pacific Northwest, the abund- 
ance of cheap hydro-electric power offers every advantage for such a 
process as applied to simple suphide copper ores (mill concentrate), and 
makes the possibilities for such treatment well worth consideration and 
investigation at this time. Selective flotation methods have certainly 
paved the way. The purpose of this First Progress Report bulletin is 
to shew the results of some preliminary tests conducted in our own lab- 
oratories, and if possible to stimulate further research along this line. 

Some metallurgists have agreed that a hydrometallurgical process for 
copper sulphides offers considerable possibilities, but only in a very few 
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cases have the results of actual tests been published. P. Middleton, in 
1919, published results but these were not entirely complete and he urged 
that the investigations be continued, since the process showed considerable 
promise. Others may have made investigations, but we have been able to 
find but very few actual results. Certainly the small amount of material 
published and available on this particular phase of hydro-metallurgy 
well warrants that further tests be conducted. 

William E. Greenawalt, a recognized authority on copper hydro- 
metallurgy, has the following to say about such a process for concentrate 
(Feb., 1930 ‘^Mining Truth,” Si)okane, Washington) : 

*T want to state positively that there is no difficulty now, of any un- 
usual sort, of producing electrolytic copper direct from the ore or con- 
centrate. The concentrate is preferred for the reason that the roasting 
and leaching installation is greatly cheapened, both of installation and 
operation. Hundreds of careful roasting tests recently conducted prove 
conclusively that from 70 to 80 per cent of the copper can be made water 

soluble by careful roasting, and that a very high extraction of copper 

» 

is obtainable by dilute acid leaching. The water soluble copper, on elec- 
trolysis to produce electrolytic copper, furnishes the acid, at no additional 
cost, to leach the copper from the ore which is not soluble in water. 
There is therefore, no acid expense in connection with the copper leach- 
ing and electrolysis. 

“Careful tests, with a complete miniature plant, have proved that 
fully 1.4 pounds of copper can be deposited per kilowatt hour, with the 
simultaneous regeneration of all the acid required to leach the copper 
from the roasted ore or concentrate. The resulting electrolytic copper is 
as pure as that made anywhere. 

“On roasting and leaching, a fairly high grade copper concentrate 
will shrink close 'to 50 per cent in weight, and if the concentrate con- 
tains precious metals, the residue of the concentrate leaching will assay 
about twice as much as the original concentrate, due to weight shrinkage. 
This copper leached concentrate residue can then be easily treated, as 
with cyanide, to recover the precious metals in their elemental form, and 
the metal so recovered could be sent direct to the mint, if the content 
is appreciable. 
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**There is no bigger and better prospective field now in mining than 
the electrolytic methods, especially for copper as applied to concentrate. 
Copper leaching and electrolysis should find a wider application than 
zinc leaching and electrolysis. About twice as much copper is deposited 
per kilowatt hour as zinc, and copper has more than twice the value of 
zinc. 

**Any process that can be carried out on a small scale can be carried 
out on a large scale, if the same conditions are observed. The essential 
small-scale test work, as applied to electrolysis, is to carry it out cyclically, 
the same as in a large plant, so as to give the process a chance to develop 
any factors for or against the process. When this is done, there is pos- 
itively no difference between a small-scale operation and a large-scale, or 
commercial, operation. At least, I have never found any difference. In 
leaching and electrolysis of copper solutions, if a minature plant is in- 
stalled, to deposit, say a few pounds of copper per day, and operated 
cyclically, so that the operation will be complete in all its details, I will 
make the very positive statement that no new situation or conditions 
will arise in the operation of a larger plant. I believe, too, that this 
statement will be verified by every experienced metallurgist.” 

In general, the application of a hydro-metallurgical process to sul- 
phide copper concentrates will involve three steps; roasting, leaching, and 
precipitation (electrolysis). The main problems to be worked out are: 

1. The proper conditions of roasting in order that the insoluble cop- 
per sulphides may be converted into a form that is soluble in the dilute 
acid solvent. 

2. Keeping down the impurities of the electrolyte (mainly iron) in 
order that a pure deposit of copper can be efficiently made. 

3. Avoiding an accumulation of an excessive amount of acid, due to 
the formation of water soluble copper sulphate in the roast. 

4. Proper conditions of electrolysis. 

5. Removing gold and silver values from the tailing, if there is a 
sufficient amount present to make it pay. 

Our experiments at the State College of Washington have been con- 
ducted on a small laboratory scale. The next step necessary is to con- 
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struct a small continuously operating laboratory plant in order to obtain 
results and operative conditions similar to those obtained in practice. 
After this a pilot-plant should be used treating several tons of concentrate 
per day, to check results, before erecting a large plant. Furthermore, the 
economics of the process should be given careful consideration. It 
must be clearly understood that a plant of commercial size, and there 
is an economical lower limit to this, with an ample source of ore sup- 
ply to keep it running the year around, is necessary, as with all other 
similar operations. In many cases the conditions of freight rates, smelter 
schedules, and other considerations will determine whether or not an 
installation will pay. 

Nothing new or original is claimed in any of the chemical reactions 
or principles involved. All have been known to chemistry for many years 
past. However the application (chemically, physically and mechanically) 
of these known principles and reactions, to the extraction of electro- 
lytic copper from (mill) table and flotation sulphide concentrate is com- 
paratively new, and has not been made on a full commerical scale, so far 
as we know now. Chas. R. Baroch describes in the E. & M. J., Nov. 30. 
1929 tests on a semi-commercial scale at the Bagdad Copper Co., Hillside, 
Arizona. We have not been able to find complete published results for 
such a treatment of copper flotation mill concentrate. Conditions at the 
present time seem to be particularly favorable for research in this special 
field of metallurgy. Selective flotation methods have adv-^anced to such 
an extent that this process need not be complicated with the cleaner and 
higher grade copper concentrate now available for treatment. 

ORES TESTED 

T wo different types of ore were used in the tests : bornite from the 
Index Copper Company, Index, Washington, and chalcopyrite from the 
Royal Development Company, Leavenworth, Washington. Tests on the 
former were performed first, and were designed to show the effect of 
roasting at various temperatures on the solubility of the iron and copper. 
Later tests on the chalcopyrite ore were for the purpose of determining 
the proper strength of leach solution, and for the production of a compara- 
tively pure electrolyte from which the copper could be economically 
precipitated by electrolysis. 
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ROASTING AND LEACHING TESTS ON INDEX COPPER 

ORE 


Nature of the Ore: 

The sample used in the roasting tests came from the mine of the 
Index Copper Company, Index, Washington. It consisted mainly of 
bomite coarsely disseminated in a gangue of country rock. Large crystals 
•f chalcopyrite were also scattered through some pieces, and many were 
embedded in a ground mass of coarsely crystalline calcite. Crystals of 
finely disseminated pyrite were dispersed throughout the gangue, which 
consisted mainly of calcite, chlorite, quartz, and small amounts of feldspar. 

A microscopic examination showed that the copper minerals were 
entirely liberated from the gangue when crushed to -48 mesh. Bornite 
crystals largely predominated, and it was estimated that 85% of the cop- 
per present was in this form. Considerable pyrite was also present. 


Screen Analysis (Index Ore) 


Menh (Screen Ratio-Tyler V2) 

1 — 48 Mesh | 

—100 Mesh 

-fW 

1 14.5% ! 

0% 

-65+100 

1 22.6% 1 

0% 

--100+150 

1 14.2% 1 

12.6% 

—150 + 200 

j 23.6% 1 

28.5% 

—200 

1 25.1% ] 

0% 


Dusting losses were added to the undersize of the finest screen, as 
recommended by the Tyler Company, 


Copper 

Iron 

Sulphur 

Gk>ld 

Silver 

Other Soluble Bases 
Insolubles 


Quantitative Analysis 

20.72% 

12 . 12 % 

23.12% 

0.90 OZ./T. 
7.62 OZ./T, 
4.59% 
39.45% 


Equipment and Method: 

Roastmg was accomplished by means of a 13 Ampere, 110 volt Mult- 
iple Unit Electric Furnace,^ having a muffle 454" X 13" in size. Sixty- 
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gram samples were roasted each time in two shallow roasting dishes. 
The furnace was connected in series with a brine solution rheostat, which 
permitted a close control of the temperature. Temperature was measured 
with a Stupakoff Platinum-Iridium thermo-couple, introduced through 
a small opening at the end of the muffle. The ore, after being weighed 
and placed in the roasting dishes, was introduced into the muffle and the 
current turned on. When the desired temperature was reached, the rheo- 
stat was adjusted, and the temperature kept as constant as possible 
The variation due to imperfect adjustment never exceeded 10 degrees 
An opening at each end of the muffle permitted a circulation of air, but 
it was necessary to remove the charge from the muffle every thirty min- 
utes in order to rabble it. 

The charge after roasting was leached with water and then with a 
10% solution of sulphuric acid. Fifty grams of the roasted ore was 
agitated for three hours with 250 cc of the acid. 

Electrolytic Deposition : 

A Timgar Rectifier supplied the (direct) current for an clcctr(»lytic 
cell containing two copper sheet cathodes and three lead anodes each 2 * 
X 3}^" in size, which were spaced 2 ” apart. A slide wire rheostat per- 
mitted a \ariation in the current <lensity Circulation of the cleclrolvte 
was maintained by two siphons. 

Assays: 

Because of the large amount of copper in the ore, the assays for gold 
and silver had to be a combination wet and fire method. Van IJews 
nitric acid method of leaching out the copper was used. The silver was 
precipitated by the addition of a salt solution. After leaching, the residue 
was assayed as described on pages 125-126 of Fulton’s “Manual of Fire 
Assaying.” 

Copper was determined by the standard potassium iodide method, and 
iron by the permanganate method. An outline of procedure may be found 
in Low's “Notes on Technical Ore Analysis.” 

Results of Tests: 

The curves plotted in Figures 2, 3, and 4, show very broadly the var- 
iation in the solubilities of iron and copper with the variation in the 
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roasting temperature. An examination of Fig. 2 reveals that the amount 
of water soluble copper sulphate formed reaches a maximum at approxi- 
mately 650® C, and thereafter declines very rapidly. The total soluble 
copper (Fig. 3) reaches a maximum at about 625® C, and declines very 
rapidly after 650® C. This would seem to indicate that the sulphate in 
breaking down forms insoluble ferrites or silicates w'hich rapidly decrease 
the percentage of extraction of the copper. Cupric oxide is also formed 
but this should be soluble in the dilute sulphuric acid. 

Fig. 4 shows the amount of soluble iron formed at the various tem- 
peratures It is observed that wdthin the limits tested, the amount of 
insoluble ferric oxide formed is nearly a straight line function of the 
temperature, with the exception of one break at about 650® C, when a 
retardation in the rate occurs. It is believed that the addition of more air 
to the roasting furnace would oxidize the iron at lower temperatures 
and thus render more of it insoluble. 

Table I shows the results of roasting various samples of the raw ore, 
ground to -48 M and to -100 M, at temperatures ranging from 590® C. 
to 850® C. Table II shows the results of leaching the various roasted 
products with a 10% solution of sulphuric acid. 

Tabulated Results of Tests 

TABLE I 
Roasting Tests 


Temperature 
Degrees 0. 

“590" 1 

Hmh 

-4S 1 

Hours of 
Roasting * 

8 

% 8. after 
Roasting 

“"6.70 " 

% Cu. Soluble 
in Water 

421^ 

590 


8 

6.61 

43.3 

650 

- 48 1 

8 

6.07 

44.7 

650 


8 

5.91 

51.7 

750 

- 48 ! 

7 

5.35 

2.1 

750 


7 

4.39 

2.4 

850 

-- 48 

6 

3.70 

0.0 

850 i 

1 

—100 

6 

I 3.10 

1 

0.0 


Intennitteiit haad^rabbllng. 
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TABLE II 
Leaching Teats. 


Mesh 

Temp, of 
Roasting 

% Total 
Pe. Sol. 
in 10% 
H,804 

1 % Total 
Cu. Sol. 
in 10% 
H,B04 

Lbs. Ou. 
in Tails 
per Ton 
of Ore 

Value of 
lu. 18< 

(Tails) 

issay of Tails«>-<os, 

.An.--!, Ax- 

— 48 

■“590 1 

S87~ 

94:8 I 

21./ 

$3.81 

1.23 1 

11.7 


590 1 

1 62.4 



3.25 

1.38 ! 

1 12.5 

— 48 1 

650 1 

! 38.9 

94.7 1 

21.9 

3.95 

1.40 




1 40.6 

92.3 1 

31.9 ! 

5.74 

1.24 

11.2 

48 


1 18.3 

32.8 . 

1 278.5 

50.13 

1.16 

7.9 




41.1 

! 243.7 1 

43.87 

1.23 

8.3 

— 48 ! 


1 3.5 

36.9 


47.07 

1.42 

9,1 


850 

7.6 i 

46.9 


39.60 

1.18 

9.3 


Pounds (lb«.) of eoppor in bends per ton of ore eqnAls 414.4. 


Panning of the products from the -48 M roasts, showed that they 
still contained particles of undecom posed sulphides. This accounts for 
the lower extraction of this mesh sample. A longer roasting period would 
overcome much of the effect of coarser screen sizes. The results tabulated 
in th<‘ above mentioned tables indicate that the best roasting temperature 
lies somewhere between 59(1® C and 650® C. and that it is better to grind 
to -100 M in order to insure a complete decomposition of the sulphides. 
After determining this a now sample ground to -100 M was roasted for 
eight hours at 625® C with the following results: 

TABLE III 

Results of Roasting a — 100 Mesh Sample at 625® C. for 8 hours. 

(This sample is not a clean concentrate) 


' Per Cent Copper Soluble in Water — 47.34% 

'wt. Qms.' Sulphur I Copper Onld oi. \ Silver ovs f Iron 


“Heads” before I 

j 100 

] 23.12% 

20.72% 1 

0.90 1 

7.65 1 

12 12% 

Roasting I 

“Heads” after j 

96.3 

! 

j 6.26 

1 j 

i 

! 

! 

1 

! 

! 

Roasting 


1 

1 \ 

1 

i 


1 

“Tails” after | 

55.4 

1 


1.62* 1 

13.756 ] 

10.9 

Leaching 

1 

i 

1 1 

! 


1 

1 


(Calculated values) 

Total Iron going into solution. 
Extraction of Copper 
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.50.2 % 
.95.50% 










The reduction in weight after roasting is probably due to the 
presence of gangue minerals. With an ordinary clean concentrate 
the weight after roasting will be greater than the original weight. 

Electrolytic Deposition: 

Attempts were made to electrolyze the .solutions obtained from leach- 
ing the roasted calcine, hut without very satisfactory results. The .sol- 
ution contained 34 grams of copper and 10.5 grams of iron per liter. A 
fairly firm depo.sit could be obtained when operating at a current density 
of 15 amperes per .square foot, but the current eflicienc^^ was very low 
tine to the presence of a large amount of ferric iron The voltage drop 
between the anode and cathode v\as two \olts 


CHEMISTRY 


Roasting: 

To attain the maximum extraction it is desirable to give the ore a 
(part) sulphatizing roast In sulphide copper ores the copper exists as 
cupric (CuS) and cuprous (CusS) sulphide, and the iron as FeS and 
FeSj. At comparativeh low temperatures (roasting) the following re- 
actions take place 

1. FeS. 4- O. f heat = FeS SO. 

2. 2 FeS 4- 3 O. 2 FeO 4“ 2 SO. 

3. 2 CuS 4 3 O. 2 CuO 4r 2 SO.. 

4 2 Cu.S f 3 Ov - 2 Cu.O 4- 2 SO. 

5 CusO 4' SO. I O. = 2 CuO 4- SO* 

The final result then for the low temf>eratuiv roast is to convert the 
sulphides into oxides with the elimination of sulphur as SO?. On increas- 
ing the temperature the iron is further oxidized as follows . 

3 FeO 4- O = Fe,0* 

2 Fe,04 + O =: 3 Fe.O. 

FeO 4 SO, = FcS04 

6 FeSO, ~ Fe,(S04), + 2 Fe?(), 4 3 SO. 

Fea(S04), = Fe..O, + 3 SO. 

The ultimate result of roasting the iron is to convert it into ferric 
oxide. Under ideal conditions this reaction is complete at a low red heat 
or about 590" C. 
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Fifirure 7 — Wedge Type, Multiple* Hearth Roasting Furnace 


At temperatures in excess of 590® C. the copper oxide previously 
formed reacts to produce copper sulphate as follows: 

CuO + FeSOi = CUSO 4 + FcO 

Or in other words the SOa given off by the decomposition of the iron 
sulphates reacts with the copper oxides to form copper sulphates. 

If the temperature of roasting exceeds 650® C. the copper sulphate 
is decomposed into cupric oxide and sulphur trioxide, the reaction 
being complete at 700® C. 
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CuS04 = CuO + SO. 

Above 650* C the results show that the solubility of the copper com- 
pounrls tlccreases very rapidly indicating that ferrites and silicates are 
formed. A further indication of this is that the color of the roasted 
products changed from re<l to black \\hen the temperature exceeded 
650* C. 

The following reactions show the way in which chalcocite (CusS), 
bornite ( Cu»FeSi) , . chalcopyrite (CuFeS.), and iron pyrite (FeS.) break 
down when subjected to the roasting temperatures indicated. 

Chalcocite; (430® to 650® C ) 

1. 2 CibS + 3 O. = 2 Cu.O + 2 SOz 

2 CihO d vSO. -f 0= = 2 CuO + SO, 

3 CuO + SO, = CuS 04 

4 2 CuS 04 = CuO, CuSOi + SO. 

5. CuO, CuSO. = 2 CuO + SO, 

Bornite: (500® to 700* C.) 

1. 3 CiuFeS, 4 S O, = 4 Cu,S + 3 FeSO. 4- CuSO^ + SO, 

2. 4 Cu,S + 4 FeSO. + 11 O. = 8 CuSO. 4 2Fc,0, 

3. 2 CuSOi = CuO, CuSOi 4- SO. 

4. CuO. CuS04 = 2 CuO + SO. 

Chalcopyrite; (525* to 700® C.) 

1. 3 CuFeS. 4-9 0, = Cu.S 4 3 FeSO. +CuS04 + SO, 

2. 4 Cu,S 4- 4 FeSO. 4- 11 O, = 8 CuSO, 4- 2 Fe,0, 

3 2 CuSO. = CuO, CuSO. 4- SO, 

4. CuO, CuSO. = 2 CuO 4- SO, 

Pyrite: (325* to 750® C.) (Removed by selective flotation.) 

1. FeS, 4* a = FeS 4- SO. 

2. 2 FeS + 3 O. = 2 FeO 4- 2 SO. 

3. 6 FeO 4* O, = 2 FcO^ 

4. FeO + SO. = FeSO. 

5. 4 FcO. 4- O. =6 Fe,0. 

6. 2 FcO. 4- SO, = 3 Fe=0, 4- SO, 

7. 6FeS04 = Fc,(S04). 4- 2 Fe.O. + 3 SO. 

8. Fe.(S04). ~ FctOi 4~ 3 SO. 

9. 4 FcS. + 11 O, = 2 Fe.0. 4" 8 SO. 
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Leaching: 

Leaching consists simply of dissolving certain of the roasted products 
in dilute sulphuric acid. The copper and iron sulphates are water soluble 
and readily enter the solution. 

CuO + H2SO4 = CUSO 4 +HaO 

FeO + H*vS 04 = FeS04 + HaO 

FeaO, + 3 HaS04 = Fea(S04). + 3 HaO 

The latter reaction does not take place very rapidly in dilute sulphuric 
acid, and it is therefore desirable to oxidize as much as possible of the 
iron to FeaO» in the roast, in order to prevent it from entering the solution. 



Electrolysis: 

The principle of the electrolytic deposition of copper hiay be illustrated 
by the following equation : 

CUSO4 + HaO + Electrolysis = Cu(cathode) + O (Anode) + HaS 04 
Therefore for every pound of copper deposited, 1.54 pounds of sulphuric 
acid will be regenerated. 
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The presence of iron in the solution lowers the current efficiency a 
great deal (Fig. 5 and 6). Any ferrous sulphate present will be oxidized 
at the anode to ferric sulphate which is a solvent for metallic copper, and 
will dissolve it from the cathode, thereby lowering the current efficiency. 

2 FeS04 + B^SOi + O (at anode) = Fe*(S()4)» + H.O 

Fe*(S04)» + Cu = 2 FeS04 + CuS04 
For successful electrolysis, therefore the amount of ferric iron in solution 
must be very low. 

TESTS ON ORE FROM ROYAL DEVELOPMENT COMPANY 

From the prexious tests it was seen that some method of overcoming 
the deleterious effects of ferric iron on the electrolysis would have to 
be worked out Two known methods of doing this are feasible. The 
first is to keep the iron reduced to the ferrous state by means of sulphur 
dioxide (Crreenaw alt’s method) obtained from the roasting furnaces The 
second is to chemically purify the solution prior to electroKsis. The first 
method offers many advantages, but must be applied throughout the elec- 
trolytic dej)osition, because the iron is being continuously re-oxidized at 
the anodes of the cells It is therefore not a cure but only a means of 
reducing the harmful effi'Cts of th<‘ iron in lovxering the current efficiency 

Ferric iion may be chemically precipitated from a copper sulphate 
siilution 1)\ t'roper air (oxygen) agitation in the presence of sufficient 
cupfM 1 ( (*‘urtlier iin estigalions of the use of an are being made at 

the ]uesent tmn* ) F'errous in»n must fust In' oxidi/.etl to the feme 
state Till's may be (Ume cither In air agitation, or by the addition of 
manganese dioxide to the solution Tlie reactions invohed are as follows 

1. 3 CuO I- Fe.fvSO^)^ = 3 CnvSC)4 4 Fc.Os (hydrated) 

2 4 CuO j- 4 FeSO, + O, ~ 4 CuSO. F 2 Fe.O, (hydiaiedt 
3. 2 FeSO^ + 2 H=S04 + DfnO. ~ Fo=(S 04 )., MnSO. } 2 H.O 
The nianganes< sulphate is changed to manganese dioxide and tjrecipi- 
tated during electrolysis. It may be recovered from the bottom (4 the 
cells and reused. The precipitation of the iron (FcsOs) occurs much 
more rapidly in a neutral than in an acid solution It would therefore be 
desirable to add an e.xcess of calcine to the leach in orrler to nentrali/e 
the solution and t)rom<Uc the iron precipitation. 'riie<;e reactions ha\e 
hfen known to chemistry for a long time 
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To determine the applicability of this method of purifying the solution, 
tests on chalcopyritc ore from the Royal Development Company were run, 
the results of which follow. 



Fifrur« 24. Oliver Continuous Filters 


Nature of Ore Tested: 

The ore, a large massive piece of chalcopv rite, came froni the prop- 
erty of the Royal Development Company, Leavenworth, Washington. It 
consisted mostly of large crystals of chalcopyritc and considerable pyr- 
rhotite. Calcite is also present in large crystals dispersed throughout 
the chalcopyritc. On one side of the massive piece of chalcopyritc was 
several pieces of chlorite, indicating possibly that this was the ganguc rock 

A microscopic examination revealed the fact that the amount of pyr- 
rhotite ore was considerably greater than at first supposed. The particles 
could be readily distinguished by moving a magnet beneath the stage and 
thus producing a motion of the pyrrhotite particles. The latter crushed 
finer than the chalcopyritc, which tended to remain in coarse crystals, 
although fines were also present. The calcitc crystals were also quite 
prominent, but only a few crystals of bornite could be seen. 

Quantitative Analysis of the Ore. 


Copper 

21.73% 

Iron 

29.31% 

Sulphur 

28.12% 

Calcium Carbonate 

12.47% 

Gold 

0.0S oi/T. 

Silver 

5.2 OZ./T. 
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DATA AND RESULTS— ROASTING TESTS 


I'est No. 

i- i 

2 

Weight Before Roasting 

lOOg 1 

400g. 

Weight After Roasting 

104.5 g. j 

417.3g. 

Ground to Pass Mesh 

100. i 

100. 

Time of Roasting 

6 hrs. i 

8 hrs. 

Temperature 

595“ C. ’ 

625“ C. 

% Cu. Before Roasting 

21.73% j 

21.73% 

% Cu. After Roasting 

20.8% 1 

20.83% 

% Fe. Before Roasting 

29.31 % 1 

29.31% 

% Fc. After Roasting 

28.13% j 

28.15% 

Sulphur Before Roasting 

28.12% j 

28.12% 

Sulphur After Roasting 

6.1% 1 

j 

5.8% 


When first placed in the furnace the concentrate sintered considerably, 
but after once breaking up, it remained in a fine state of subdivision dur- 
ing the rest of the roast. 

LEACHING TESTS 

The calcine from Roast No. 1 and No. 2 was leached with 6.5% 
H»S04 by agitation with the following results: 


from Roast Number 

1 

1 { 

1 

2 

Analysis of “Heads** Copper 

20.8% ’ 

! 20.83% 

Iron 

28.15% i 

28.15% 

Total Cu. soluble in HjO 

48.1% 

54.7 % 

Total Fe. soluble in H*0 

0.95% . 

0.4 % 

Strength of Leach Solution 

6.5% ! 

6.5 % 

Solution used 

225.0 cc. 

900.0 cc. 

Grams Calcine used 

75.0 g. 

300.0 g. 

Weight of ‘Tails'* 

38.0 g. 

142.0 g. 

Analysis of “Tails** Cu. 

0.6% i 

0.9 % 

Fe. 

45.13% j 

49.4 % 

Au. 

0.08 02./T. ! 

O.O80Z/T. 

Ag. 

10.05 o2,/T. 

10.05OZ./T. 

Extraction ©f Copper 

98.5% . 

97.9 % 

Extraction of Iron 

18.8% j 

16.9 % 
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TEST TO DETERMINE SOLUBILITY OF IRON AND COPPER 

Ore, roasted at 600® C., was leached for 4 hours at 65® C. with 
various strengths of H 2 SO 4 to determine the solubility of the iron and 
copper. The following results were obtained: 


Weight of Sample 

25.0 grams 

Solution 

2S0.0CC. 

Analysis of Calcine^Cu. 

20.8% 

-Fe. 

28.15% 


Test. No. 

% H5S0, 

! % Total 1 

% Total ‘ 

Grams Cu. 

! Grams Fe. 

Soluble Fe j 

Soluble Cu. 1 

Per Liter 

1 Per Liter 

1 

1 0.00 

1 0.60 ! 

1 526 1 

60.0 

1 0.9 

2 1 

1.85 

1 4.10 

1 94.6 j 

60.0 

! 3.5 

3 j 

1 406 

1 9.22 

1 97.4 1 

60.0 

i 7.7 

1 

4 ’ 

7.81 

! 18.47 

1 98.1 1 

60.0 

j 15.3 

5 

1 10.19 

j .35.41 

1 98.3 1 

60.0 

1 29.2 

6 

j 12.18 

i 41.80 

i 98.3 1 

60.0 

1 34.3 

7 i 

1.158 

j 43.60 

j 98.4 1 

1 60.0 

1 35.8 


Remark*; * 

Columns 5 and 6 in the above table were computed from the total sol- 
ubilities of the iron and copper, assuming that the resulting solution con- 
tained 60 grams of copper per liter. Tt is used simply as a basis of corn- 
parisem 


WATER, LOW ACID AND HIGH ACID LEACH 

100 grams of calcine, roasted at 600® C. was leached first with water, 
then with 1.64% H2S04, and finally with 5.8% H 2 SO 1 . Acid was added 
to the low acid leach at intervals in such amounts that the strength never 
exceeded 1.64%. and was over 1% when leaching was completed. 
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1 H]|0 Leach 

Low Acid j 
Leach j 

High Acid 
Leach 

Weight of Sample 

100.0 

g. 

72.0 

g- 

58.0 

g* 

Analysis — Cu. 

20.8 

% 

13.64 

% 

1.07 

% 

Fe 

28.15 

% 

38.60 

% 

47.15 

% 

Solution 

200.0 

cc. 

200.0 

cc. 

200.0 

cc. 

Strength of solution 

0.0 

% 

1.64 

% 

5.8 

% 

Temp, of Leach 

70® 

c. 

70® 

C. 

70® 

c. 

Time of Leaching 

4 

hrs. 

6 

hrs. 

4 

hrs. 

Weight of Residue 

72.0 

g- 

58.0 

g- 

48.0 

g- 

Solution Gms. Cu/Liter 

55.0 

g- 

46.0 

g- 

2.7 

g- 

Solution Gms. Fe./Liter 

1.5 

g- 

2.2 

g- 

12.0 

g- 

Residue Analysis — Cu. 1 

13.64 

% 

1.07 

% 

0.2 

% 

Fe. 1 

38.60 

% 

47.15 

% 

5135 

% 

Extraction of Copper | 

52.88 

% 

93.9 

% 

84.5 

% 

Extraction of Iron | 

i 

1.23 

% 

1.58 

% 

9.83 

% 


Note: Extraction percentages were figured consecutively in the above 
table. Total extractions were as follows: 

Total Extraction of Copper 99.3% 

Total Extraction of Iron 12.4% 

NEUTRAL LEACH 

300 grams of roasted calcine (600® C. Roast) was added to one liter 
of 1.4% H 2 SO 4 solution. This was heated and leached for 8 hours. The 
following amounts of acid were added : 


At end of 1 hour 10.8 g. 

At end of 2 hours 11.3 g. 

At end of 3 hours 10.6 g. 

At end of 4 hours 11.5 g. 


The final acid strength was 0.95%. The leach solution contained 
2.7 g. of iron and 55.2 g, of copper per liter. 

After filtering, 3 grams of MnOs was added to the solution. This 
was heated and allowed to stand one hour. An excess of calcine was then 
added and the solution allowed to stand, with frequent stirring, until 
all free acid was consumed. It was then re-filtered. The resulting sol- 
ution contained 1.5 g. of iron and 59.3 g. of copper per liter. 
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Par Cant 8ola1»la Iron and Ooppar 

Figure 9. Holnbility of Iron and Copper (Roasted Calcine) in various strengths 
of Sulphuric Acid. Ore from Royal Development Co. 

The solution was then i)laced in an agitator, 5 grams of CuO added, 
and oxygen from a pressure tank bubbled through. At the end ©f 20 
minutes all but of the iron was precipitated. 

PURIFICATION TEST 

An acid solution containing 41 grams of copper and 5.1 grams of 
iron (FeSO^) per liter wa.s purified by addition of MnO* atod oxygen 
agitation in the presence of an excess of CuO. 5 grams of MnO» was first 
added to the solution to oxidize the iron as much as possible. Three 
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grams of CiiO were then added to the solution, and ii was heated and 
agitated for 30 minutes. An assay showed that the solution now contained 
2.75 grams of iron per liter. An excess of CuO was then added, and the 
solution agitated by means of oxygen with the following results: 

After Q Minutes, Oxygen Agitation, Fe. Content = 2.75 g./Liter 

After 5 Minutes, Oxygen Agitation, Fc. Content — 1.80 g./Liter 

After 10 Minutes. Oxygen Agitation, h‘e. Content = 1.40 g./Liter 

After 15 Minutes, Oxygen Agitation, Fe. Content = l.(X) g./Liter 

After 20 Minutes, Oxygen Agitation, Fe. Content — 0.50 g./Liter 

After 25 Minutes, Oxyg(?n Agitation, Fe. Content = 0 10 g. Liter 

After 30 Minutes, Oxygen Agitation, Fc. Content = Trace 



Figure Ig. Precipitation of Iron from a Copper Sulphate Solution bj oxygen 
agitation in the presence of Copper Oxide. 


Treatment of Tailing: 

The treatment of the tailing in those cases where the concentrate 
contains worth while values in gold and silver has not been completely 
worked out 
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Cyanidation seems to be the most logical method of treatment. Sev- 
eral writers have agreed that after removing the copper and thoroughly 
washing the tailing, there is no reason why cyanidation could not be ap- 
plied to extract the gold and silver. Middleton® found that the tailing 
from an acid leach could be cyanided with a recovery of 90% of the gold 
and a consumption of 1.5 lb. of cyanide per ton. His copper extractions 
in the laboratory were 96.5, 97.9, and 98.7%. From a 100-ton test he 
extracted 95 % of the copper. He states that 85 to 9.'^ % of the copper can 
be converted to CuS04 in roasting. 

Two cyanide tests conducted on tailing from our own tests gave an 
extraction of 97.34% and 93% of the gold respectively. The cyanide 
consumption, however, was quite high, but it is believed that it can be 
reduced by proper water and alkaline washes. Further research is now 
under way the results of which will appear in Progress Report No II. 


DISCUSSION OF RESULTS 


Roasting: 

The best results were obtained when the roast was carried on at 
approximate!}^ 600® C. At this temperature about 50% of the copper is 
converted into a water-soluble copper sulphate which is found to cause 
an excessive regeneration of acid in the cells. However, if the roasting 
was carried on at such a temperature that more of the cojjper sulphates 
were decomposed, insoluble comi)ounds of copper were formed. There- 
fore, the only thing to do is to roast at the temperature that will give 
a maximum solubility of the copper (about 50% instead of 80 to 90% 
water-soluble copper) and control the acid content of the electrolyte by 
other means. By-passing a portion of the electrolyte at the end of each 
leaching cycle, or filtration through beds of limestone or calcium carbon- 
ate, are two possible ways in which the strength of acid can be controlled. 
We are not sure of the limestone method ; this will have to be tested and 
the results reported in Progress Report No. II. 

A multiple-hearth muffle roasting furnace (Wedge Type Fig. 7) 
has been successfully employed at low temperatures for roasting® copper 
sulphides. On concentrate high in sulphur, that is, 20% to 35%, the 

® * ‘Recovery of Copper from Flotation by Leaching,*' by P. C. Middleton, M. A 

S. P., June 7, 1919. 

(D Utley Wedge gives the results of roasting in the A.I.M.F. Tol. XLIV (1912). 
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materia) may be reduced to as low as 6% to 9% sulphur without the 
use of fuel. With a well designed modern roasting plant, treating 100 
to 200 tons of sulphide per 24 hours, there should be no reason why the 
cost of roasting cannot be kept down to between $0,50 and $1.00 per ton. 



mssi 


tm: dorrco repulper 

Figure 19 


Leaching 

In the great majority of copper leaching plants now in operation, the 
leach s<ilution is never reduced to neutrality. The acidity is merely re 
dneed by coining in contact with the ore, but when it leaves the system, 
it is still quite strongly acid. Results of the neutral leach and purification 
tests show that in the treatments of the roasted concentiale, it is d<.sirable 
to have a neutral solution in order to promote the precijiilation of tlu‘ iron 
It will be necessary, therefore, to divide the leaching operation into 
tw'o parts — a neutral leach, to which an excess of calcine is added, and a 
low acid leach to which an excess of acid is added. The stiength of acid 
should he kci>t low' in order that only a small amount of iron wdll dissoKc 
( v^ee Fig, 9) It may be desirable to regulate this strength at such a 
point that all the iron dissolved in the low acid leach will he precipitated 
b\ the excess of calcine in the neutral leach. 

In the low acid agitators the maximum strength of acid does not 
necessarily ha\e to control the anu)unt of copper that is dissolved per 
ton of solution. Water, solkls, and cell acid can be added in such pro- 
portions that the maximum acidity does not exceed a certain point (say 
29^ HsSO*). As the acid is neutralized more can be added until a sol- 
ution containing at least 60 grams of cojiper per liter is built up 
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Ffjrur«* 11. The Dorr Thickener 






If all of the iron dissolved in the low acid leach is not precipitated 
by the excess of copper oxide in the neutral agitators, it may be necessary 
to subject it to additional purification treatment. Increasing the number 
of Drucker agitators and the time of treatment in the neutral leach, how- 
ever, should accomplish the same result, because the copper oxide con- 
tained in the excess of calcine will precipitate the iron if it is in contact 
with it long enough. While oxygen agitation was used in the tests per- 
formed, proper air agitation should serve as well, although the reaction 
may not take place so rapidly. 

The results show that only from 90% to 95%’ of the copper is sol- 
uble in 2% H«S04 (Fig. 9), and if the strength is increased much beyond 
this, an excessive amount of iron enters the solution Figuring on this 
basis, it may be necessary to have a high acid leach for the purpose of 
removing the small percentage of copper, which is insoluble in the lixi- 
viant used in the low acid leach. At the same time a great deal of iron 
will be dissolved, which makes it impractical for the re.sulting liquor to be 
returned to the neutral leach. However, since it may be necessary to by- 
pass a certain percentage of the cell acid at the end of each leaching cycle 
in order to prevent the accumulation of an excessive amount of acid, there 
is no reason why a portion of this by-pass should not be agitated with 
the residues from the low acid leach, prior to denuding it of copper and 
discarding it. In this way a high percentage of the copper (over 98%) 
should be removed from the residues. 



CONTINUOUS AGITATION WlTtl THREE DORR AGITATORS. ARROWS SHOW 
DIRECTION OP PITLP MOVEMENT. 

Figure 10. 

Acid-proof Dorr Agitators and Thickeners (See Fig. 8 and 11), which 
are efficient and common equipment in other cyanidation hydrometallurg- 
ical processes are well adapted to the extraction of copper from high 
grade concentrates. In the neutral leach, the great importance of finely 
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divided air bubbles to insure the oxidation of ferrous iron, makes an 
agitator of the Drucker type (Fig. 13) worthy of consideration; the de- 
cantation principle also tends to work all the dissolved copper to the head 
of the system as soon as possible; it has already been tried out in cy- 
anide plants. 



rig. *;jbctiom or dhuo^r AaTiiTOH 


Figures 14, 15, and 16 show various methods of connecting up leach- 
ing systems for the treatment of copper calcine. Figure 14 is the ordinary 
method used for leaching some oxidized ores, where the iron acciunulation 
is not much of a problem. Figures 15 and 16 show systems worked out 
for treating roasted sulphide concentrates in accordance with the results 
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obtained in our tests. Figure 15 has a neutral and low acid leach only, 
and assumes that a high acid leach is unnecessary in order to extract 
nearly all the copper. Figure 16 shows a system with neutral, low acid, 
and high acid leach. 

In any hydrometallurgical operation the amount of dissolved values 
lost in the discard of solutions is quite important. In the case of copper 
sulphides where cyanidation of the tailing is contemplated, it is doubly 
important that they be thoroughly washed, and as much of the soluble 
copper as possible removed before being cyanided. It is also quite neces- 
sary to know in what part of the leaching system the dissolved copper 
values lie, and what amount of work is being done by each of the 
machines. For these reasons, illustrations of the methods of calculating 
dissolved values in all parts of the systems shown in Figures 14, 15, and 
16, are given, along with the conditions assumed in each case. 



Tht‘ l)orr<?o Filter — ^Drive End Cake Discharge End 


Figure 20 

The Dorreo Filter is a continuous rotary vacuum filter, with the filtering med- 
ium on the inside of the drum. One end of the drum is closed, uhile the other 
is open for cake discharge and to permit observation of the filter operation. 

The feed is usually introduced through a pipe in the closed end and flows into 
the bath of pulp which covers the filter cloth, 'the force of gravity and the ap- 
plication of vacuum form a cake against the clot^ and as the drum revolves the 
cake is dewatered, and washed if desired, until it reaches the discharge point near 
the top of the drum. Pulsations are applied to the cloth at the discharge point 
causing the cake to fall freely into the discharge hopper. If desirable, the cloth 
can be washed before it again enters the pulp bath. 

The Dorreo Filter presents several distinctive features. Some of the more 
notable advantages are: — Gravity assists both cake formation and cake discharge; 
floor space requirements are smaU as no external tank is needed; coarse segre- 
gating materials can be handled without trouble; the whole cloth or any portion 
of it can be changed readily. 
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P«r Cent Oathoda Carrent Efficiency 



Average Per Cent Ferric Iron in Celle 


Figure 5. Effect of Ferric Iron on Current Efficiency 
(According to Addicke) 



Grams Ferric Iron per Xdter 

Figure 6. Effect of Ferric Iron on Current Efficiency. 
(According to Middleton) 

30 



There are other possible variations in the method of leaching the 
copper from the roasted calcine. For instance, a preliminary water leach, 
prior to the acid leach, would remove nearly all the water-soluble copper 
(about 50% of the total copper) and produce a practically pure solution, 
because little of the iron remains in the water-soluble form after roasting 
to the required temperature. This would reduce the number of tons of 
solution which must be purified to one half, but would complicate the 
system somewhat. 

Electrolysis: 

Electrolytic tests were not carried out in any great detail. Purified 
electrolyte, however, containing 62 g. of copper and 0.5 g. of iron per 
liter was electrolyzed in a cell using copper sheet cathodes and lead anodes. 
A cathode efficiency of 90.8% was attained with a current density of 12 
amperes per square foot of cathode depositing .surface. As long as the 
circulation of the electrolyte was maintained the deposit was smooth and 
firm. The voltage-drop between anode and cathode was 2.0 volts. We 
are continuing our investigations with different kinds of anodes hoping 
to improve the current efficiency. The results will be published in our 
Progress Report No. II. 


ORDINARY COUNTER -CURRENT DECANTATION 
SYSTEM NO. I USED FOR EXTRACTING COPPER 
FROM OXIDIZED (-100 M) COPPER ORE SLIMES. 

CALCULATIONS FOR DISSOLVED VALUES 
Conditionft Assumed: 

1. 100 tons of calcine, 20% copper, treated per 24 hours with an ex- 
traction of 98% of the copper. 

2. Discharge from thickeners with 50% moisture. (1:1). 

3. 80% of the copper enters the solution in the agitators, 2% in 
each of the thickeners V, W, X, and Y, and 12% in Thickener U. 

4. Weight of solids reduced to 50 tons after agitation. 

5. 75 grams of copper enters the solution per liter during each leach- 
ing cycle. 
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Figure 14. Ordinary Counter-<)urrent Decantation Syaten used for 
Extracting Copper froni Oxidized Copper Ore Slimes* 
All figures (SOT) refer to solutim tonnages* 













6. of the solution by-passed at the end of each leaching cycle and 
returned to the circuit. The contains 15 grams of copper per liter 
after electrolysis. The y is electrolyzed down to 5 grams per liter in the 
starting sheet division of the plant, prior to the scrap iron precipitation. 

Calculations; 

Equating out of and into each thickener : 

1. 261U + lOOU = 361V + 4752 lbs. Cu. 

2. 561 V + 50V = lOOU + 200V + 31 IW + 31,680 lbs + 792 lbs 

3. 31 IW + SOW = 50V + 311X + 792 lbs. 

4 31 IX + SOX = 311 Y + SOW -f 792 lbs. 

5. 31 lY 4- 50 Y = 137Z + SOX + (174 X 30 lbs.) -h 792 lbs 

6. 50Z + 137Z = SOY + 137H,0. 

Solving: 

U = 170.9 lbs. Copper per ton of solution. 

V = 157.76 lbs. 

W = 48.76 lbs. 

X = 28.76 lbs. 

Y = 23 lbs. 

Z = 6.1 lbs. Copper per ton of solution to waste. 


CALCULATIONS FOR CONTINUOUS COUNTER- 
CURRENT DECANTATION WASHING AND 
LEACHING SYSTEM NO. 2. 

Conditions Assumed: 

1. 100 tons of roasted calcine, 20% Cu., treated per 24 hours, with an 
extraction of 98% cu. in the neutral and low acid leach. 

2. 75 grams of copper enters the solution per liter in the neutral and 
low acid leach during each leaching cycle. 

3. 25% of the total copper dissolved is in solution when the solids 
leave agitator T, 40% when they leave agitator U, and 50% when they 
leave agitator V. 

4. The remaining 50% is dissolved equally in agitators Ai Aa A*. 

5. Weight of solids reduced to 75 tons in neutral agitators, and to 60 
tons in low acid agitators. 
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6. yS of the S9lutioti is by-passed at the end of each leaching cyde, 
and ^ returned to the low acid leach. This ^ contains 15 grams of cop- 
per per liter. 

Calculations: 

1. 98% X 20% X lOOT. or 19.6 tons of copper enters the solution per 
24 hours. 

2. Therefore : 19.6 X 100 or 261 tons of solution must overflow Thick- 

Ts 

* 

ener S per 24 hours, if this solution dissolves 75 grams of copper tier liter. 

Note: All solution tonnages are the weight of water of specific gravity 
1, and do not take into consideration the weight of the dissolved 
materials in the solution. 

]/*t S, T, U, V, W, X, Y; Z, Fi, F», F«, and R, equal the value in pounds 
of copper i>cr ton of solution in the respective thickeners, agitators and 
filters. 

Kquating out of and into each thickener, filter, and agitator, we have : 

1. lOOS + 261vS = 361T. 

2. 361T + 200T = lOOS +46111 + 9,800 lbs. Cii. 

3. 46111 4 20011 = 200T + 461V + 5,880 lbs. 

4. 461V + 200V = 2001^ + 461W + 3,920 lbs. 

5. 75W 4 461VV = 200V + 263X + 36(3/2F,)^ + 37W 

6. 37W + 36(3/2F.)* + 12F = 7SW + 10 H.O 

7. 401X 4 60X = 31iy + 138X 4“ 12Fi + 19,600 lbs 

8. 31 lY 4 60Y = 311Z + 60X 

9. 31 IZ 4 60Z = 60Y + 77R + 30Z + 30(3/2FO* + 174 X 36 

10. 30Z 4- 30(3/2F,) + lOFa = 60Z + 10 H^O 

11. 77K 4 60R = lOF, + 30R + 30(3/2F,)* + 67 H,0 

12. 30R 4 30(3/2FO + lOF, = 60Z + 10 H*0 

* Displacement efficiency of filter. 
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Roasting Furnace Figaro 16. Continuous Oounter-Current Decantation 

Washing aaA leaching Systes No. 2. 



A« B. Droeker 








Solving: 

1. S = 170.3 lbs. Cu./T. of solut. 

2. T = 170.3 lbs. 

3. U = 149.0 lbs. 

4. V = 127.1 lbs. 

5. W = 109.1 lbs. 

6. ¥t = 62.8 lbs. 

Therefore : Solution loss = 0.85 


7. X = 97.2 lbs. 

8. Y = 35.5 lbs. 

9. Z = 23.6 lbs. 

10. F,. = 12.9 lbs. 

11. R = 1.56 lbs. 

12. F» = 0.85 lbs. per ton of solut. 

waste. 

X lOT. = 8.5 lbs. Cu. per 20T. 


Copper. 

Solution Cu. Recovery = 99.59^ 

Amount of cement copper formed = 870 lbs. per 20T. Cu. 


CALCULATIONS FOR CONTINUOUS LEACHING 
AND WASHING SYSTEM NO. 3. 

Assuming that a High Acid Leach is necessary at the end of the 
System in order to obtain a high c.Ktraction of the copt>er 

Conditions Assumed; 

1. 100 Tons of roasted calcine, 20 Vr Cu., treated i)cr 24 hours, with 
an e:xtraction of 94 of the copper in the neutral and low acid leach, and 
an extraction of 4Vr of the copper in the high acid leach. 

2. 75 grams of cot)per enters the solution per liter in the neutral and 
low acid leach, during each leach cycle. 

3. 25% of the coi)per dissolved in the neutral and low acid leach 
is in solution when the solids leave agitator T, 40% when they leave 
agitator l\ and .50%- when they lea\e agitator V. The remaining 50% 
is dissolved equally in agitators Aj, Aa, A». 

4. Weight of solids reduced to 75 tons in the neutral leach, to 60 tons 
in the low acid leach and to 50 Urns in the high acid l(‘ach 

5. of the solution by-pas.sed at the end of each leaching cycle and 
Xt returned to the low' acid leach. This contains 15 grams of copper 
per liter. The JA is reduced to 5 grams of copper per liter in the starting- 
sheet division of the plant, and then agitated with the tails from the low' 
acid leach prior to denuding it of copper by precipitation on scrap iron 
and discarding. 
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CALCULATIONS FOR DISSOLVED VALUES 

Let S, T, U, V, W, X, Y, Z, R, F., F*. and F. equal the value in 
pounds of copper per ton of solution in the respective thickeners, agitators, 
and filters. 

Equating out of and into each thickener, agitator, and filter, we have ; 

1. 251S + lOOS = 3S1T. 

2. 3S1T + 200T = lOOS + 4S1U + 9,400 lbs. 

3. 4S1U + 200U = 200T ■+- 4S1V + 5,640 lbs. 

4. 4S1V + 200V = 200U + 451W + 3760 lbs. 

5. 451W + 7SW = 200V + 296X + 30{3/2F,) 

6. 326X = 75W + (167 X 30 lbs.) + (84 X 0) + 18,800 lbs. 

7. 30X + 30(3/2F,) + lOF, = 60X + 10 H,0 

8. 1S4Y = lOF, + 60Z + 84 X 10 1500 lbs. 

9. 25Y -I- 25(3/2F,) + lOF, = 50Y + 10 H,0 

10. 60Z 4- 50Z = lOF, + 50R + 25R + 25(3/2F,) 

11. lOOR = 50Z + 50 H,0 

12. lOF, + 25(3/2F,) + 25R = .SOR + lOH^O 

Solving: , . 

1. S = 169.7 lbs CU./T. of Solution. 7. Fi = 53.5 lbs 

2. T = 169.7 lbs. 8. Y = 19.35 lbs. 

3. U = 148.9 libs. 9. F. = 10.2 lbs. 

4. V = 1272 lbs. 10. Z = 1.62 lbs. 

5. W = 1092 lbs. 11. R = 0.81 lbs. 

6. X = 98.1 lbs, 12. F, = 0.43 lbs. cu./T. of solution 

to waste. 

Therefore: Solution loss = 0.43 X lOT. = 4.3 lbs. Cu per 20 tons 
copper. 

Solution Cu. Recovery = 99.75% . 

Amount of cement copper formed = 2870 lbs. per 20T. Cu. 

= 7.18% 

ELECTROLYSIS 

The results on electrolysis are thus far quite meager, but they show 
that a good and practically pure deposit of copper can readily be made, and 
a high current efficiency obtained. Since the iron content of the electro- 
lyte is so low, it may be possible to use carbon anodes, thus increasing 
the energy efficiency. 
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The copper content of the electrolyte can vary from 60 to 100 grams 
per liter when entering the cells, and down to about 15 to 20 grams per 
liter when leaving them. The portion of the electrolyte which is by- 
passed to keep down the acidity could possibly be run through a special 
bank of cells, and the copper content economically reduced to 5 grams 
per liter, before running it through the scrap-iron launders or Hydrogen 
Sulphide Precipitation tanks to denude it of the last traces of copper. 
This part of the electrolysis can possibly be made the starting-sheet di- 
vision of the plant. 

We will continue the work of copper electrodeposition with such 
solutions resulting from the leaching of high-grade copper sulphide con- 
centrate, and the results will be published in our Progress Report No. IT 



Figure 23. Tank house of Inspiration Consolidated Copper Co., at Inspiration, 
Arizona. Here the copper leached from the ore is precipitated electrolyt 
ically. using load anodes. 


CONCLUSIONS 

The results of these laboratory tests so far as carried out indicate; 

First : That by roasting at approximately 600® C it is possible to con- 
vert 94% of the copper into a form that is soluble in less than 2% 
HsSO*. At the same time all but approximately 4% of the total iron is 
rendered insoluble. 
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Second : That the remaining copper can be removed by leaching with 
a higher strength of acid so that a total extraction of 96 to 98 % of the 
copper can be attained. 

Third : That the iron entering the leach solution can be largely pre- 
cipitated. after neutralization by CuO in the calcine, and oxidation with 
manganese dioxide, or oxygen from the air. or both 

Fourth : That a solution of copper sulphate of high purity can be 
attained, .from which the copper can be readily precipitated by electrolysis 
with a cathode efficiency of over 90 %. 



Figure 18. Copper Mill 


A plant at. Muggehtecl in the paragraph at the top of page 89, haa been provided 
for and will be installed as soon aa poaslblet it will include: Low*totnperature 
RoaatinK. Purification by Neutral Leaching, Low-acid Leaching, Counter-current 
Recantation and Filtration, and Copper Electrodeposition. 
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Therefore, from the results so far obtained the following method of 
treatment for flotation sulphide copper concentrate is suggested for our 
next step of proceedure with our laboratory continuous treatment plant 

1. Roasting the clean concentrate (- 100 M) at 600* ** C. (50% water- 
soluble copper) in a multiple hearth roaster until all the sulphides are 
practically decomposed. 

2. Leaching the copper with dilute sulphuric acid (1.5 to 2%) and 
producing a neutral solution of copper sulphate by using a double leaching 
system. 

3. If necessary, further purification of this solution by proper air 
agitation in the presence of copper oxide. 

4. Electrolysis of the solution and precipitation of the copper on cop- 
per starting-sheet cathodes, with the subsequent regeneration of the sul- 
phuric acid solvent. We aim to keep down the water-soluble (CUSO 4 ) 
copper to 50%, instead of 70 to 80% as some metallurgists have recom- 
mended. thereby preventing excessive amounts of regenerated H2SO4 
acid which would be undesirable with our method of procedure. 

5. I^se a portion of the regenerated acid to dissolve more copper, and 
by-passing the remainder in order to keep the acid content of the electro- 
lyte down If the amount by-passed for this purpose is excessive, the 
acidity may be reduced possibly by filtering through beds of limestone or 
calcium carbonate; however this w’ill have to be proved by trial. 

6 . If necessary, agitating the tails from the above leach wdth the by- 
l^assed ^olutinn in order to rerntne a higher percentage of the copper. 

7. Precipitation of the cojipcr remaining in the by-pass after electroly- 
sis on scrap iron, or by hydrogen sulphide, ** if the acidity is too high. 

8 . Converting the cement copper or copper sulphide precipitate thus 
formed into copper (CuO) oxide and returning it to the neutral-leach 
for purification. 

9. Thoroughly washing the tailing, followed by cyanidation for the 
extraction of the gold and silver, if t)resent in paying quantities. 

It should be expressly understood that the process as here outlined 
is by no means a definite one. It is tmly the one which appears at this 

* This has been suggested by certain metallurgists. 

** The electrolyte can then be run continuously for a long period so as to allow 

for any troubles due to impurities in the solution. 
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time to be the most logical and feasible from the favorable small scale 
tests so far conducted in this laboratory. A small continuous plant may 
bring to light several changes which would alter the outline (flow-sheet) 
of this treatment considerably. The erection of such a plant as suggestted 
by Greenawalt at our laboratory is the next step toward determining the 
adaptability and merits of the process.’*'* The results will be published in 
Progress Report No. II. The comparative costs and the economics of the 



Fig. 21 — American OontinuouB Filter (Dine Type) 



Fig. 22 — Oliver Continuous Filter (Drum Type) 

process must be carefully investigated. There is no better prospective 
field in metallurgy than with the hydro-metallurgical treatment and ex- 
traction of electrolytic copper from mill (flotation) copper sulphide con- 

The electrolyte can then be run continuottsly for a long period 80 as to allow 
for any troubles due to impurities in the solution. 
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centratc. Let us hope that this work will encourage others to investigate 
the possibilities of this new field of metallurgy where the cost of pro- 
ducing electrolytic copper of high purity from flotation copper concentrate 
in our State with hydro-electric power at K? to 1 cent per kilowatt hour 
should not be more than 1.5 to 3 cents per pound depending upon the 
scale of operations. 
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Published by the Engineering Experiment Station 
State College of Washington 


1. Sewage Disposal for the Country Home. (Out of Print) 

By O. L. Waller and M. K. Snyder, March, 1914, July, 1916. 

2. How to Measure Water. 

By O. L. Waller, October, 1915, Reprint 1925 (Revised and Reprinted 
as part of Engineering Bulletin No. 20.) 

3. Water Supply for the Country Home. (Out of Print.) 

By M. K. Snyder. See Engineering Bui. No's 9, 10, and 11. 

4. Construction and Maintenance of Earth Roads. 

By ly. V. Edwards, April, 1916. 

5. Cost of Pumping Water. Reprinted as Extension Bulletin No, 103. 

By O. L. Waller, August, 1916. 

6. Fuel Economy in Domestic Heating amd Cooking. 

By B. L. Steele, December, 1917. 

7. Thawing Frozen Water Pipes Electrically. 

By H. J. Dana, October, 1921. 

8. Use of Ropes and Tackle, Illustrated. 

By H. J. Dana and W. A. Pearl, December, 1921. 

9. Well and Spring Protection, * 

By M. K. Snyder, July, 1922. 

10. Water Purification for the Country Home. 

By M. K. Snyder, February, 1922. 

11. Farm Water Systems. 

By M. K. Snyder and H. J. Dana, January, 1923. 

12. Commercial and Economic Efficiency of Commercial Pipe Coverings. 
By H. J. Dana, 1923. 

13. Critical Velocity of Steam With Counter-Flowing Condensate. 

By W. A. Pearl and Eri. B. Parker, February, 1923. 

14. The Use of Power Fans for Night Cooling of Common Storage 
Houses. By H. J. Dana, December, 1923. 

15. A New Stationary Type Laboratory Meter. 

By H. V. Carpenter and H. J. Dana, September, 1924. 

16. Relation of Road Surface to Automobile Tire Wear. First Progress 
Report. By H. V. Carpenter and H. J. Dana, January, 1924. 

17. Relation of Road Surface to Automobile Tire Wear. Second Progress 
Report. By H. J. Dana, December, 1925. 

18. Relation of Road Surface to Automobile Tire Wear. Third Progress 
Report.. By H. J. Dana, October, 1926. 

19. Rythmic Corrugations in Highways. First Progress Report. 

By H. V. Carpenter and H. J. Dana, February, 1^7. 

20. How to Measure and Use Water for Irrigation. 

By O. L. Waller, March. 1927. 
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21. Magnetic Nail Picker for Highways. 

By H. J. Dana, August, 1927. 

22. Spray Residue and Its Removal From Apples. 

By F. D. Heald, J. R, Neller and F.L Overeley of the Agricultural 
Experiment Station in Cooperation with H. J. Dana. 

23. Survey of Fruit Packing Plants. ($2.00 each) 

By H, J. Dana, DecemSer 1927. 

24. Survey of Fruit Cold Storage Plants. (Out of Print) 

By H. J. Dana, March, 1928. 

25. An Extensometer and Compressometer of the Hydro-static Type. 
By H. H. Langdon, October, 1928. 

26. A Survey of Fruit and Cold Storage Plants in Central Washington. 
By H. J. Dana, December, 1928. 

27. The Automatic Underfeed Coal Smoker for Domestic Heating. , 
By Homer J. Dana, April, 1929. Second Edition, October, 1929. 

28. Imj)ortance of I^rcliminary Ore Analysis by Means of the Stero- 
scopic Binocular Microscope. By Arthur E. Drucker, April, 1929. 

29. Short Wave Transmitter Design. 

By David H. Sloan, September, 1929. 25c postpaid. 

30. The Elasticity of Concrete. 

By Howard H. Langdon, January, 1930. 

31. Rhythmic Corrugations in Highways. Second Progress Report 
By Homer J. Dana, January 1930. 

32. The Economical Distribution of Steam in District Heating. 

By A. C. Abell, February, 1930. 

33. Application of Stellite to Agricultural Tools. First Progress Report. 
By G. E. Thornton and C. C. Johnson, September, 1929. 

34. The Fatigue of Welds. 

By G. E. Thornton, April 1930 

35. Elcctro-Hydrometallurgical Process For Copper Flotation Concen- 
trate. By Arthur E. Drucker and Carl F Floe, April 1930. 
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